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Resumenȱ
Laȱ Zonaȱ deȱ Ossaȱ Morenaȱ (ZOM),ȱ situadaȱ enȱ elȱ suroesteȱ deȱ España,ȱ
representaȱ unaȱ deȱ lasȱ áreasȱ geológicasȱ másȱ complejasȱ yȱ mejorȱ estudiadasȱ delȱ
cinturónȱ Variscoȱ europeo.ȱ Estaȱ complejidadȱ derivaȱ deȱ laȱ evoluciónȱ tectónicaȱ
heterogéneaȱ queȱ haȱ registradoȱ laȱ ZOMȱ desdeȱ laȱ orogeniaȱ Cadomienseȱ
(Neoproterozoicoȱ –ȱ Cámbricoȱ temprano)ȱ hastaȱ laȱ orogeniaȱ Variscaȱ (Paleozoicoȱ
tardío).ȱ Laȱ ZOMȱ seȱ caracterizaȱ porȱ unaȱ granȱ variedadȱ deȱ depósitosȱmineralesȱ
relacionadosȱ tantoȱ conȱ ambasȱ orogeniasȱ comoȱ conȱ laȱ etapaȱ deȱ riftingȱ queȱ tuvoȱ
lugarȱ duranteȱ elȱ Cámbricoȱ tempranoȱ yȱ elȱOrdovícicoȱmedio.ȱ Losȱ depósitosȱ deȱ
óxidosȱ deȱ Fe,ȱ CuȬAuȱ yȱ NiȬCuȱ situadosȱ aȱ loȱ largoȱ delȱ Cinturónȱ deȱ OlivenzaȬ
Monesterioȱ(COM,ȱestructuraȱanticlinalȱsituadaȱenȱlaȱparteȱcentralȱdeȱlaȱZOM)ȱsonȱ
deȱparticularȱ importanciaȱeȱ interésȱporȱsuȱorigenȱcontrovertido.ȱEsteȱestudioȱestáȱ
enfocadoȱ enȱ tresȱ áreasȱ dentroȱ delȱ COMȱ queȱ representanȱ problemasȱ
metalogenéticosȱbienȱdefinidos:ȱelȱfilónȱdeȱCuȬAuȱdeȱlaȱminaȱSultana,ȱelȱdepósitoȱ
deȱmagnetitaȱdeȱLaȱBerronaȱyȱlaȱalbititaȱdelȱáreaȱdeȱValuengo,ȱasociadaȱalȱdepósitoȱ
deȱLaȱBerrona.ȱ
ȱ Laȱ mineralizaciónȱ deȱ CuȬAuȱ deȱ Sultanaȱ seȱ sitúaȱ alȱ suresteȱ delȱ COMȱ yȱ
consisteȱenȱvenasȱoȱfilonesȱdeȱcuarzoȱyȱanqueritaȱencajadasȱenȱelȱStockȱVariscoȱdeȱ
SultanaȱasíȱcomoȱenȱlasȱpizarrasȱnegrasȱyȱmetagrauvacasȱPrecámbricasȱdeȱlaȱSerieȱ
Negra.ȱLaȱmineralizaciónȱseȱcomponeȱprincipalmenteȱdeȱcalcopirita,ȱbismutinitaȱyȱ
maldonitaȱyȱdesarrollaȱunaȱaltiiieraciónȱsericíticaȱenȱlaȱrocaȱdeȱcaja.ȱPorȱsuȱparte,ȱelȱ
depósitoȱdeȱLaȱBerronaȱesȱunȱcuerpoȱepigenéticoȱdeȱformaȱcilíndricaȱencajadoȱenȱ
elȱgranitoȱalbíticoȱdelȱmismoȱnombreȱasíȱ comoȱenȱ lasȱ calizasȱdeȱedadȱCámbricoȱ
tempranoȱ yȱmedioȱ deȱ laȱ formaciónȱMalcocinado.ȱ Laȱmineralizaciónȱ esȱ deȱ tipoȱ
remplazanteȱconȱdesarrolloȱdeȱbrechasȱyȱstockworkȱenȱlaȱparteȱaltaȱtheȱlaȱintrusiónȱ
albítica.ȱEstaȱalbititaȱformaȱparteȱdeȱ lasȱalbititasȱCámbricasȱdelȱáreaȱdeȱValuengoȱ
situadasȱenȱ laȱparteȱcentralȱdelȱCOM,ȱyȱcomoȱLaȱBerrona,ȱalgunasȱdeȱellasȱestánȱ
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asociadasȱaȱdepósitosȱdeȱmagnetita.ȱLaȱ rocaȱpresentaȱunaȱ texturaȱporfiríticaȱ conȱ
predominanciaȱ deȱ plagioclasaȱ albitaȱ eȱ intruyeȱ lasȱ calizas,ȱ pizarrasȱ yȱ corneanasȱ
calcosilicatadasȱ delȱ Cámbricoȱ tempranoȬmedioȱ asíȱ comoȱ lasȱ pizarrasȱ negrasȱ
PrecámbricasȱdeȱlaȱSerieȱNegra.ȱ
ȱ Losȱ objetivosȱ principalesȱ deȱ estaȱ tesisȱ sonȱ (1)ȱ caracterizarȱ losȱ fluidosȱ eȱ
investigarȱ lasȱ causasȱ deȱ laȱ precipitaciónȱ delȱ Cuȱ yȱ elȱ Auȱ enȱ elȱ yacimientoȱ deȱ
Sultana,ȱ (2)ȱ investigarȱ laȱ formaciónȱdelȱstockȱalbíticoȱdeȱLaȱBerronaȱasíȱcomoȱsuȱ
origenȱ magmáticoȱ oȱ hidrotermal,ȱ yȱ (3)ȱ caracterizarȱ laȱ evoluciónȱ magmáticoȬ
hidrotermalȱȱdelȱdepósitoȱdeȱmagnetitaȱdeȱLaȱBerrona,ȱdesdeȱlaȱintrusiónȱdelȱstockȱ
albíticoȱhastaȱelȱdepósitoȱdeȱlosȱmetales.ȱParaȱalcanzarȱestosȱobjetivosȱseȱhaȱllevadoȱ
aȱ caboȱ unȱ estudioȱ detalladoȱ deȱ inclusionesȱ fluidasȱ yȱ vítreasȱ medianteȱ suȱ
caracterizaciónȱ petrográficaȱ yȱ microtermometrica,ȱ combinadoȱ conȱ análisisȱ deȱ
catodoluminiscenciaȱporȱmicroscopioȱelectrónicoȱdeȱbarridoȱ (SEMȬCL),ȱ ȱablaciónȱ
láserȱ conȱ espectrometríaȱ deȱ masasȱ conȱ fuenteȱ deȱ plasmaȱ deȱ acoplamientoȱ
inductivoȱ (LAȬICPMS)ȱ yȱ espectroscopíaȱ Raman.ȱ Además,ȱ seȱ hanȱ realizadoȱ
isótoposȱ establesȱ deȱ Sȱ eȱ isótoposȱ radiogénicosȱ deȱ SrȬNdȬPbȱ paraȱ confirmarȱ lasȱ
hipótesisȱestablecidasȱmedianteȱlasȱinclusionesȱfluidasȱyȱvítreas.ȱ
ȱ LasȱimágenesȱdeȱSEMȬCLȱdelȱfilónȱdeȱCuȱyȱAuȱdeȱSultanaȱrevelanȱalȱmenosȱ
tresȱ generacionesȱ deȱ cuarzoȱ sugiriendoȱ unȱ rellenoȱ polifásicoȱ conȱ procesosȱ deȱ
disoluciónȱyȱprecipitaciónȱenȱespaciosȱabiertosȱyȱfracturas.ȱElȱestudioȱdetalladoȱdeȱ
inclusionesȱ fluidasȱ combinadoȱ conȱ lasȱ imágenesȱ deȱ catodoluminiscenciaȱ indicaȱ
queȱunȱfluidoȱdeȱbajaȱsalinidadȱ(<4ȱtoȱ15ȱwtȱ%ȱNaClȱeq;ȱpromedioȱdeȱ5ȱwtȱ%ȱNaClȱ
eq.)ȱ conȱ contenidosȱ bajosȱ enȱ CO2ȱ (10.4ȱ molȱ %),ȱ densidadȱ intermediaȱ yȱ altaȱ
concentraciónȱenȱmetalesȱ (>ȱ537ȱΐg/gȱCu,ȱ>539ȱSȱΐg/g)ȱ ȱ fueȱatrapadoȱaȱpresionesȱ
estimadasȱ deȱ ~800ȱ baresȱ yȱ temperaturasȱ deȱmásȱ deȱ 420ȱ ºC.ȱAȱ continuación,ȱ yȱ
coincidiendoȱ conȱ elȱ procesoȱ deȱ disoluciónȱ deȱ laȱ primeraȱ generaciónȱ deȱ cuarzoȱ
(Q1),ȱ elȱ fluidoȱ seȱ separaȱ enȱdosȱ fasesȱporȱ condensaciónȱdeȱunaȱ faseȱminoritariaȱ
salinaȱ (~ȱ40ȱwtȱ%ȱNaClȱeq.)ȱyȱunaȱ faseȱvaporȱdeȱmuyȱbajaȱsalinidadȱ (~ȱ2.4ȱwtȱ%ȱ
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NaClȱeq.)ȱaȱunaȱtemperaturaȱdeȱalrededorȱdeȱ350ȱºCȱyȱaȱ100ȱ–ȱ300ȱbaresȱdeȱpresión.ȱ
Ambasȱfasesȱtransportanȱlosȱmetalesȱdeȱcobreȱyȱposiblementeȱoroȱ(335ȱ±ȱ123ȱΐg/gȱ
Cu,ȱ9.5ȱ±ȱ6.6ȱΐg/gȱAu)ȱenȱelȱsistema.ȱElȱsulfuroȱdeȱcobreȱprecipitaȱenȱlosȱespaciosȱ
abiertosȱ generadosȱ antesȱ oȱ conjuntamenteȱ conȱ laȱ precipitaciónȱ deȱ laȱ segundaȱ
generaciónȱdeȱcuarzoȱ(Q2).ȱEstaȱprecipitaciónȱseȱconfirmaȱconȱlaȱconcentraciónȱdeȱ
Cu,ȱqueȱdesciendeȱdrásticamenteȱdeȱ700ȱΐg/gȱenȱlasȱinclusionesȱsalinasȱyȱdeȱvaporȱ
aȱmenosȱdeȱ0.1ȱΐg/gȱenȱ lasȱ inclusionesȱsecundariasȱposterioresȱaȱ laȱprecipitaciónȱ
deȱ laȱcalcopirita.ȱElȱoroȱprecipitaȱdespuésȱenȱ lasȱfracturasȱcortandoȱ laȱcalcopirita,ȱ
debidoȱprobablementeȱaȱunȱexcesoȱdeȱazufreȱenȱlaȱfaseȱvaporȱqueȱtransportóȱelȱoroȱ
trasȱdepositarseȱelȱCu.ȱȱ
ȱ Elȱ reconocimientoȱ deȱ inclusionesȱ vítreasȱ silicatadasȱ (SMI,ȱ silicateȱ meltȱ
inclusions)ȱenȱ losȱ fenocristalesȱdeȱcuarzoȱdeȱ laȱalbititaȱdeȱLaȱBerronaȱdemuestraȱ
queȱ estaȱ rocaȱ esȱmagmáticaȱ enȱ origenȱ yȱ queȱ noȱ haȱ sidoȱ formadaȱ porȱ procesosȱ
metasomáticosȱcomoȱseȱhaȱsugeridoȱpreviamenteȱenȱlaȱliteratura.ȱEstasȱinclusionesȱ
vítreasȱasíȱcomoȱalgunosȱglóbulosȱdeȱóxidosȱdeȱhierroȱ(IOB,ȱironȱoxideȱblebs)ȱhanȱ
sidoȱ analizadasȱ medianteȱ ablaciónȱ laserȱ (LAȬICPMS)ȱ paraȱ establecerȱ suȱ
composiciónȱquímica.ȱLasȱ inclusionesȱvítreasȱpresentanȱunaȱcomposiciónȱalbíticaȱ
conȱ SiO2ȱ (73.2±1.9ȱwt%),ȱNa2Oȱ (6.8±1.1ȱwt%),ȱK2Oȱ (0.1±0.1ȱwt%)ȱ yȱCaOȱ (0.6±0.4ȱ
wt%)ȱ comoȱ elementosȱ mayores.ȱ Enȱ concordanciaȱ conȱ elȱ comportamientoȱ
compatibleȱ eȱ incompatibleȱ deȱ losȱ elementosȱ trazaȱ enȱ sistemasȱ magmáticos,ȱ
elementosȱcomoȱelȱBa,ȱSr,ȱV,ȱZr,ȱNiȱyȱPȱsonȱcompatiblesȱconȱlaȱmineralogíaȱdeȱlaȱ
albititaȱmientrasȱqueȱotrosȱelementosȱincompatiblesȱyȱmetalesȱcomoȱelȱCu,ȱPb,ȱZnȱ
yȱ Moȱ permanecenȱ enȱ elȱ fundidoȱ representadoȱ porȱ lasȱ inclusionesȱ vítreas.ȱ Laȱ
comparaciónȱ deȱ laȱ composiciónȱ deȱ lasȱ inclusionesȱ vítreasȱ silicatadasȱ conȱ
composicionesȱ obtenidasȱ enȱ estudiosȱ experimentalesȱ asíȱ comoȱ elȱ estudioȱ deȱ
isótoposȱradiogénicosȱsugierenȱqueȱelȱfundidoȱalbíticoȱseȱformóȱporȱfusiónȱparcialȱ
deȱrocasȱdeȱlaȱcorteza.ȱAsíȱmismo,ȱesȱprobableȱqueȱlaȱpresenciaȱdeȱaguaȱyȱflúorȱenȱ
elȱ fundidoȱdesviaraȱ elȱ eutécticoȱdelȱ sistemaȱ haplograníticoȱ haciaȱ composicionesȱ
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másȱricasȱenȱplagioclasaȱalbita.ȱPorȱotraȱparte,ȱȱelȱanálisisȱpreliminarȱdeȱLAȬICPMSȱ
deȱ losȱ glóbulosȱ deȱ óxidosȱ deȱ hierroȱ enȱ losȱ fenocristalesȱ deȱ cuarzoȱ indicaȱ
composicionesȱricasȱenȱFe,ȱTiȱyȱPȱsugiriendoȱlaȱexistenciaȱdeȱunaȱfaseȱfundidaȱdeȱ
estaȱcomposiciónȱqueȱfueȱsegregadaȱdelȱfundidoȱsilicatado.ȱȱ
ȱ Laȱ mineralizaciónȱ deȱ Laȱ Berronaȱ esȱ incuestionablementeȱ deȱ origenȱ
hidrotermal,ȱconȱdesarrolloȱdeȱbrechasȱyȱstockworkȱenȱlasȱzonasȱaltasȱdeȱlaȱalbititaȱ
yȱ remplazamientoȱdeȱmagnetitaȬactinolitaȬalbitaȱdeȱ lasȱcalizasȱencajantesȱyȱdeȱ laȱ
propiaȱalbitita.ȱLaȱmagnetitaȱdeȱlaȱmineralizaciónȱpresentaȱbajosȱcontenidosȱenȱTiȱ
yȱPȱ loȱ queȱ sugiereȱ queȱ losȱ fluidosȱ noȱ interaccionaronȱ conȱ laȱ faseȱ inmiscibleȱdeȱ
óxidosȱdeȱhierroȱricaȱenȱestosȱelementos.ȱȱ
ȱ Losȱ resultadosȱ presentadosȱ enȱ estaȱ tesisȱ representanȱ casosȱ prácticosȱ queȱ
conllevanȱ lasȱ siguientesȱ implicaciones:ȱ (1)ȱ losȱ sistemasȱdeȱ filonesȱdeȱ cobreȱyȱoroȱ
asociadosȱ aȱ intrusionesȱ puedenȱ presentarȱ mecanismosȱ deȱ precipitaciónȱ yȱ
transporteȱ deȱmetalesȱ similaresȱ aȱ losȱ queȱ operanȱ enȱ losȱ depósitosȱ tipoȱ pórfidoȱ
cupríferoȱ (comoȱ porȱ ejemploȱ separaciónȱ deȱ fases,ȱ enfriamiento,ȱ solubilidadȱ
retrógradaȱ delȱ cuarzo,ȱ entreȱ otros)ȱ yȱ tambiénȱ característicasȱ típicasȱ deȱ venasȱ
mesotermalesȱ yȱ depósitosȱ deȱ oroȱmetamórficoȱ comoȱ elȱ contextoȱ geológicoȱ oȱ laȱ
composiciónȱdeȱ fluidos;ȱ (2)ȱ laȱ rocaȱ albítica,ȱ típicamenteȱ asociadaȱ aȱdepósitosȱdeȱ
magnetita,ȱpuedeȱserȱtambiénȱdeȱorigenȱmagmáticoȱyȱnoȱsóloȱmetasomáticoȱcomoȱ
seȱ haȱ venidoȱ sugiriendoȱ enȱ laȱ literaturaȱ hastaȱ elȱmomento.ȱ ȱ Estaȱ rocaȱ albíticaȱ
podríaȱtenerȱasíȱunaȱimportanciaȱcríticaȱenȱlaȱformaciónȱdeȱdepósitosȱepígeneticosȱ
deȱmagnetita.ȱElȱorigenȱmagmáticoȱdeȱestaȱ rocaȱesȱposiblementeȱ laȱ contribuciónȱ
científicaȱmásȱinnovadoraȱdeȱestaȱtesisȱyaȱqueȱabreȱnuevasȱlíneasȱdeȱinvestigaciónȱ
paraȱfuturosȱestudiosȱenȱelȱámbitoȱdelȱorigenȱmagmáticoȱdeȱrocasȱfélsicasȱricasȱenȱ
plagioclasaȱyȱtambiénȱestudiosȱrelacionadosȱconȱexsoluciónȱdeȱfundidosȱyȱfluidosȱ
ricosȱ enȱ óxidosȱ deȱ Feȱ comoȱ mecanismoȱ paraȱ formarȱ depósitosȱ deȱ magnetitaȱ
magmáticosȱ eȱ hidrotermalesȱ respectivamente.ȱ Finalmente,ȱ (3)ȱ elȱ tratamientoȱdelȱ
estudioȱ deȱ inclusionesȱ fluidasȱ yȱ vítreasȱ comoȱ inclusionesȱ atrapadasȱ
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sincrónicamenteȱenȱunaȱasociaciónȱ (FIA:ȱ fluidȱ inclusionȱassemblageȱoȱasociaciónȱ
deȱ inclusionesȱ fluidas)ȱesȱdeȱ importanciaȱcríticaȱparaȱobtenerȱdatosȱgeoquímicosȱ
fiablesȱyȱrealistas.ȱIgualmente,ȱlaȱcombinaciónȱdelȱestudioȱdeȱinclusionesȱfluidasȱyȱ
vítreasȱconȱotrasȱtécnicasȱcomoȱLAȬICPMS,ȱimágenesȱdeȱSEMȬCLȱyȱespectroscopíaȱ
Ramanȱseȱhaȱreveladoȱcomoȱunaȱherramientaȱmuyȱútilȱparaȱelȱestudioȱdelȱorigenȱ
deȱlosȱdepósitosȱminerales.ȱ
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Summaryȱ
TheȱOssaȱMorenaȱZoneȱ(OMZ)ȱinȱtheȱsouthwestȱofȱSpainȱisȱoneȱofȱtheȱmostȱ
complexȱandȱbestȱstudiedȱareasȱ inȱ theȱVariscanȱBelt,ȱandȱrecordsȱaȱheterogeneousȱ
tectonicȱ evolutionȱ fromȱ theȱCadomianȱ (Neoproterozoicȱ Ȭȱ EarlyȱCambrian)ȱ toȱ theȱ
Variscanȱorogenyȱ (LateȱPaleozoic).ȱ ȱTheȱOMZȱhostȱaȱwideȱvarietyȱofȱoreȱdepositsȱ
relatedȱtoȱbothȱorogeniesȱandȱaȱriftingȱandȱstableȱplatformȱeventȱthatȱoccurredȱinȱtheȱ
EarlyȱCambrianȬMidȱOrdovician.ȱParticularlyȱ importantȱ areȱ theȱ Feȱ oxide,ȱCuȬAuȱ
andȱNiȬCuȱorebodiesȱsituatedȱalongȱ theȱOlivenzaȬMonesterioȱBeltȱ (OMB),ȱaȱmajorȱ
Variscanȱanticlinalȱstructureȱ locatedȱ inȱ theȱcentralȱpartȱofȱ theȱOMZ.ȱThisȱstudyȱ isȱ
focusedȱ onȱ threeȱ areasȱ ofȱ theȱ OMBȱ thatȱ representȱ wellȱ definedȱ metallogenicȱ
problems:ȱ theȱ intrusionȬrelatedȱ Sultanaȱ CuȬAuȱ veinȱ deposit,ȱ theȱ Laȱ Berronaȱ
magnetiteȱ depositȱ andȱ someȱ uncommonȱ albititicȱ rocksȱ fromȱ theȱ Valuengoȱ areaȱ
whichȱareȱrelatedȱtoȱtheȱLaȱBerronaȱdeposit.ȱ
Theȱ Sultanaȱ CuȬAuȱ depositȱ isȱ locatedȱ inȱ theȱ southeastȱ ofȱ theȱ OMBȱ andȱ
consistsȱofȱquartzȬankeriteȱveinsȱthatȱareȱhostedȱbyȱtheȱVariscanȱSultanaȱStockȱandȱ
theȱPrecambrianȱblackȱshaleȱandȱmetagreywackeȱofȱtheȱSerieȱNegraȱUnit.ȱTheȱoreȱisȱ
mostlyȱ composedȱ ofȱ chalcopyrite,ȱ bismuthiniteȱ andȱ maldoniteȱ withȱ sericiticȱ
alterationȱ ofȱ theȱ hostȱ rock.ȱ Theȱ Laȱ Berronaȱ depositȱ isȱ aȱ cylindricalȱ epigeneticȱ
magnetiteȱ orebodyȱ hostedȱ byȱ theȱ Laȱ Berronaȱ albititeȱ graniteȱ andȱ Earlyȱ toȱ Midȱ
CambrianȱlimestoneȱofȱtheȱMalcocinadoȱFormation.ȱTheȱmineralizationȱisȱreplaciveȱ
withȱdevelopmentȱofȱbrecciasȱandȱaȱstockworkȱsystemȱinȱtheȱupperȱpartsȱtheȱalbititeȱ
intrusion.ȱ Thisȱ albititeȱ formsȱ partȱ ofȱ theȱ Cambrianȱ albititeȱ granitesȱ fromȱ theȱ
ValuengoȱareaȱinȱtheȱcentralȱOMB,ȱsomeȱofȱthemȱassociatedȱtoȱmagnetiteȱdeposits.ȱ
Theȱ albititeȱ showsȱ aȱ porphyriticȱ textureȱwithȱ predominanceȱ ofȱ albiteȱ plagioclaseȱ
andȱ intrudesȱ theȱ Earlyȱ toȱMidȱ Cambrianȱ limestoneȱ andȱ relatedȱ shaleȱ andȱ calcȬ
silicateȱhornfelsȱasȱwellȱasȱtheȱPrecambrianȱblackȱshaleȱofȱtheȱSerieȱNegraȱUnit.ȱ
Theȱ mainȱ goalsȱ ofȱ thisȱ thesisȱ wereȱ (1)ȱ toȱ characterizeȱ theȱ fluidsȱ andȱ
investigateȱtheȱcausesȱforȱtheȱprecipitationȱofȱCuȱandȱAuȱatȱtheȱSultanaȱdeposit,ȱ(2)ȱ
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toȱinvestigateȱhowȱtheȱLaȱBerronaȱalbititeȱstockȱformedȱandȱifȱitȱwasȱofȱmagmaticȱorȱ
metasomaticȱorigin,ȱandȱ(3)ȱtoȱcharacterizeȱtheȱmagmaticȬhydrothermalȱevolutionȱofȱ
theȱ Laȱ Berronaȱ magnetiteȱ deposit,ȱ fromȱ theȱ albititeȱ hostȱ rockȱ formationȱ toȱ theȱ
depositionȱ ofȱ theȱ ore.ȱ Toȱ achieveȱ theseȱ goalsȱ fluidȱ andȱ meltȱ inclusionsȱ wereȱ
characterizedȱ byȱ detailedȱ petrographyȱ andȱ scanningȱ electronȱ microscopeȬ
cathodoluminescenceȱ (SEMȬCL)ȱ imaging,ȱ andȱ analyzedȱ byȱ combiningȱ analyticalȱ
techniquesȱincludingȱmicrothermometry,ȱlaserȱablationȱinductivelyȱcoupledȱplasmaȱ
massȱ spectroscopyȱ (LAȬICPMS)ȱ analyses,ȱ andȱ Ramanȱ spectroscopyȱ analyses.ȱ Inȱ
addition,ȱ Sȱ stableȱ andȱ SrȬNdȬPbȱ radiogenicȱ isotopeȱ studiesȱwereȱ undertakenȱ toȱ
supportȱhypothesesȱestablishedȱonȱ theȱbasisȱofȱobtainedȱ fluidȱandȱmeltȱ inclusionsȱ
data.ȱȱ
TheȱSEMȬCLȱimagesȱofȱquartzȱinȱtheȱSultanaȱveinȱshowȱthreeȱgenerationsȱofȱ
quartzȱ implyingȱ aȱmultistageȱ veinȱ fillingȱwithȱ dissolutionȱ andȱ precipitationȱ intoȱ
openȱ spacesȱ andȱ fractures.ȱ Theȱ detailedȱ fluidȱ inclusionȱ studyȱ developedȱ inȱ
correlationȱwithȱtheȱquartzȱtexturesȱsuggestȱthatȱaȱ lowȱsalineȱ(<4ȱtoȱ15ȱwtȱ%ȱNaClȱ
eq;ȱ averageȱ ofȱ 5ȱwtȱ%ȱNaClȱ eq.),ȱCO2Ȭbearingȱ (10.4ȱmolȱ%)ȱ intermediateȱdensityȱ
fluidȱwithȱhighȱoreȬmetalȱconcentrationȱ(>ȱ537ȱΐg/gȱCu,ȱ>539ȱSȱΐg/g)ȱwasȱtrappedȱatȱ
estimatedȱfluidȱpressuresȱofȱ~800ȱbarȱandȱ>420ȱºCȱofȱtemperature.ȱCoincidingȱwithȱ
theȱdissolutionȱofȱtheȱearlyȱgenerationȱofȱquartzȱ(Q1),ȱaȱphaseȱseparationȱoccurredȱ
byȱcondensationȱofȱminorȱbrineȱ(~ȱ40ȱwtȱ%ȱNaClȱeq.)ȱandȱaȱlowȱsalineȱvaporȱphaseȱ
(~ȱ2.4ȱwtȱ%ȱNaClȱeq.)ȱatȱ~ȱ350ȱºCȱandȱ100ȱȬȱ300ȱbar,ȱbothȱcarryingȱmostȱofȱtheȱcopperȱ
andȱpossiblyȱgoldȱ (335ȱ±ȱ123ȱΐg/gȱCu,ȱ9.5ȱ±ȱ6.6ȱΐg/gȱAu)ȱ intoȱ theȱsystem.ȱCopperȱ
sulfidesȱwereȱprecipitatedȱintoȱopenȱspacesȱbeforeȱorȱtogetherȱwithȱtheȱprecipitationȱ
ofȱaȱlateȱgenerationȱofȱquartzȱ(Q2).ȱConsequently,ȱCuȱconcentrationsȱdropȱfromȱ700ȱ
ΐg/gȱ toȱ lessȱ thanȱ 0.1ȱ ΐg/gȱ inȱ theȱ petrographicallyȱ distinguishedȱ secondaryȱ fluidȱ
inclusions.ȱGoldȱwasȱlaterȱdepositedȱinȱfracturesȱcuttingȱchalcopyrite,ȱprobablyȱdueȱ
toȱ theȱ excessȱ ofȱ sulfurȱ inȱ theȱ vaporȱ phaseȱ thatȱ transportedȱ goldȱ afterȱ Cuȱ
precipitation.ȱ
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Theȱrecognitionȱofȱsilicateȱmeltȱinclusionsȱ(SMI)ȱinȱtheȱquartzȱphenocrystsȱofȱ
theȱLaȱBerronaȱ albititeȱdemonstrateȱ thatȱ thisȱ rockȱ isȱmagmaticȱ inȱorigin,ȱ andȱnotȱ
formedȱ byȱ metasomaticȱ processesȱ asȱ itȱ hasȱ beenȱ suggestedȱ previouslyȱ inȱ theȱ
literature.ȱ Theȱ SMIȱ asȱ wellȱ asȱ fewȱ coexistingȱ ironȱ oxideȱ blebsȱ (IOB)ȱ wereȱ
petrographicallyȱcharacterizedȱandȱanalyzedȱbyȱLAȬICPMS.ȱSilicateȱmeltȱinclusionsȱ
showȱ anȱ albititicȱ compositionȱwithȱSiO2ȱ (73.2±1.9ȱwt%),ȱNa2Oȱ (6.8±1.1ȱwt%),ȱK2Oȱ
(0.1±0.1ȱwt%)ȱ andȱCaOȱ (0.6±0.4ȱwt%)ȱ asȱmajorȱ elements.ȱ Inȱ agreementȱwithȱ theȱ
compatible/incompatibleȱbehaviorȱofȱtraceȱelementsȱinȱmagmaticȱsystems,ȱelementsȱ
suchȱBa,ȱSr,ȱV,ȱZr,ȱNiȱandȱPȱareȱcompatibleȱwithȱtheȱbulkȬmineralogyȱofȱtheȱalbititeȱ
whereasȱincompatibleȱelementsȱasȱwellȱasȱoreȱmetalsȱsuchȱasȱCu,ȱPb,ȱZn,ȱAsȱandȱMoȱ
stayȱ inȱ theȱ residualȱmeltȱ representedȱbyȱ theȱSMI.ȱComparisonȱwithȱ experimentalȱ
studiesȱ andȱ isotopicȱ dataȱ suggestȱ partialȱ meltingȱ ofȱ crustalȱ rocksȱ asȱ plausibleȱ
mechanismȱtoȱformȱthisȱalbititicȱmelt,ȱwithȱadditionalȱfluxingȱofȱH2Oȱandȱpossibleȱ
presenceȱ ofȱ Fȱ thatȱ deviateȱ theȱ eutecticȱ ofȱ theȱ haplograniteȱ systemȱ toȱ theȱ albiteȱ
component.ȱTheȱstudyȱofȱtheȱIOBȱofȱFeȬTiȬPȬrichȱcompositionȱsuggestsȱtheȱexistenceȱ
ofȱanȱironȬtitaniumȬphosphorousȱoxideȱmeltȱphaseȱthatȱsegregatedȱfromȱtheȱsilicateȱ
melt.ȱ
Theȱ Laȱ Berronaȱmagnetiteȱmineralizationȱ isȱ undoubtedlyȱ ofȱ hydrothermalȱ
originȱ withȱ developmentȱ ofȱ breccia,ȱ aȱ stockworkȱ systemȱ andȱ magnetiteȬalbiteȬ
actinoliteȱreplacementȱofȱtheȱhostȱcarbonateȱandȱtheȱalbititeȱrock.ȱTheȱmagnetiteȱinȱ
theȱmineralizationȱisȱlowȱinȱTiȱandȱP,ȱsuggestingȱthatȱtheȱfluidsȱdidȱnotȱinteractȱwithȱ
theȱimmiscibleȱironȬoxideȱphaseȱrichȱinȱtheseȱelements.ȱ
Theȱ resultsȱ presentedȱ inȱ thisȱ thesisȱ representȱ caseȱ studiesȱ thatȱ haveȱ theȱ
followingȱ importantȱ implications:ȱ (1)ȱ theȱ intrusionȬrelatedȱ copperȬgoldȱ veinȱ
systemsȱ canȱ showȱ similarȱ oreȱ precipitationȱmechanismsȱ asȱ theȱ porphyryȱ copperȱ
depositsȱ (i.e.ȱphaseȱ separation,ȱ cooling,ȱ retrogradeȱ solubilityȱ ofȱ quartz),ȱ andȱ alsoȱ
haveȱ characteristicsȱ ofȱ mesothermalȱ andȱ metamorphicȱ oreȱ depositsȱ inȱ termsȱ ofȱ
geologicalȱ settingȱ andȱ fluidȱ composition;ȱ (2)ȱ theȱ albititeȱ relatedȱ toȱ theȱmagnetiteȱ
depositsȱ isȱ ofȱmagmaticȱ originȱ andȱ itȱ playsȱ anȱ importantȱ roleȱ inȱ theȱ epigeneticȱ
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magnetiteȱdepositȱ formation.ȱThisȱ isȱperhapsȱ theȱmostȱ innovativeȱ contributionȱofȱ
thisȱPh.D.ȱandȱopensȱaȱnewȱresearchȱlineȱforȱfutureȱstudiesȱinȱtheȱmagmaticȱoriginȱ
ofȱplagioclaseȱrichȱfelsicȱrocksȱasȱwellȱasȱinȱstudiesȱrelatedȱtoȱironȱoxideȱfluid/meltȱ
exolutionȱasȱmajorȱmechanismȱforȱtheȱhydrothermal/magmaticȱFeȱoxideȱȬȱ(Cuȱ–ȱAu)ȱ
depositȱ formationȱ respectively;ȱ and,ȱ (3)ȱ theȱ carefulȱ treatmentȱ ofȱ fluidȱ andȱmeltȱ
inclusionsȱ asȱ coevallyȱ existingȱ inclusionȱ assemblagesȱ isȱ ofȱ criticalȱ importanceȱ inȱ
orderȱtoȱobtainȱreliableȱandȱrealisticȱgeochemicalȱdata.ȱInȱaddition,ȱtheȱcombinationȱ
ofȱfluid/meltȱinclusionsȱwithȱotherȱtechniquesȱsuchȱasȱLAȬICPMS,ȱSEMȬCLȱimagingȱ
andȱ Ramanȱ spectroscopyȱ hasȱ shownȱ toȱ beȱ aȱ powerfulȱ toolȱ forȱ theȱ studyȱ ofȱ oreȱ
deposits.ȱ
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Introductionȱ
Approachȱ
Theȱ complexȱ geologyȱ andȱ geotectonicȱ situationȱ ofȱ theȱOssaȱMorenaȱ Zoneȱ
(OMZ)ȱ inȱ theȱ southwestȱ ofȱ Spainȱmakeȱ itȱ oneȱ ofȱ theȱmostȱ interestingȱ andȱ bestȱ
studiedȱareasȱofȱtheȱEuropeanȱVariscanȱBelt.ȱInȱfact,ȱtheȱOMZȱisȱtheȱonlyȱterraneȱofȱ
theȱIberianȱPeninsulaȱthatȱrecordsȱaȱpolyorogenicȱtectonicȱevolutionȱincludingȱbothȱ
theȱ Cadomianȱ (Precambrianȱ Ȭȱ Earlyȱ Cambrian)ȱ andȱ Variscanȱ (Lateȱ Paleozoic)ȱ
orogenies.ȱȱ
Reflectingȱ thisȱgeologicalȱ complexity,ȱ theȱOMZȱhostsȱaȱwideȱvarietyȱofȱoreȱ
depositsȱ thatȱ areȱ relatedȱ toȱbothȱorogeniesȱ andȱ toȱ theȱ riftingȱ andȱ stableȱplatformȱ
stagesȱ inȱ between.ȱAtȱpresent,ȱ onlyȱ oneȱdepositȱ isȱ beingȱminedȱ (theȱAguablancaȱ
magmaticȱNiȬCuȱmine)ȱbutȱmanyȱotherȱprospectsȱareȱunderȱexplorationȱforȱFeȬCuȬ
Au,ȱSn,ȱandȱCuȬNi.ȱParticularlyȱ interestingȱareȱ theȱmagnetiteȱ (sometimesȱCu–AuȬ
rich)ȱdepositsȱ thatȱ areȱ locatedȱ alongȱ theȱOlivenzaȬMonesterioȱBeltȱ (OMB,ȱTornosȱ
andȱCasquet,ȱ2005)ȱ inȱ theȱcentralȱpartȱofȱ theȱOMZ.ȱTheȱoriginȱofȱ theseȱdepositsȱ isȱ
controversialȱ asȱmanyȱ ofȱ themȱ canȱ beȱ interpretedȱ asȱ volcanosedimentary,ȱ skarn,ȱ
shearȬzoneȱrelatedȱorȱofȱreplaciveȱtype.ȱTornosȱandȱCasquetȱ(2005)ȱdefinedȱsomeȱofȱ
theseȱmagnetiteȱdepositsȱasȱbelongingȱtoȱtheȱIOCGȱ(IronȱOxideȱ–ȱCopperȱGold)ȱtypeȱ
asȱ theyȱ shareȱ similaritiesȱ inȱ theȱ structuralȱ position,ȱ hydrothermalȱ alteration,ȱ
geochemistryȱ andȱ mineralȱ assemblageȱ withȱ thisȱ styleȱ ofȱ mineralization.ȱ Theȱ
magnetiteȱmineralizationȱ isȱ sometimesȱ relatedȱ toȱ Cambrianȱ albititeȱwhichȱ isȱ anȱ
uncommonȱ rockȱ typeȱ foundȱ asȱ largeȱ andȱ wellȱ exposedȱ outcropsȱ inȱ theȱ area.ȱ
Furthermore,ȱ theȱ Variscanȱ calcȬalkalineȱ dioriteȱ toȱ monzograniteȱ Santaȱ Olallaȱ
PlutonicȱComplexȱinȱtheȱsouthernmostȱOlivenzaȬMonesterioȱBeltȱisȱassociatedȱwithȱ
differentȱ stylesȱ ofȱmineralization,ȱ includingȱ theȱ skarnȱ andȱ shearȬzoneȱ relatedȱ FeȬ
(Cu)ȱ Calaȱ deposit,ȱ theȱ intrusionȬrelatedȱ CuȬAuȱ Sultanaȱ veinȱ systemȱ andȱ theȱ
AguablancaȱNiȬCuȱdeposit,ȱtheȱlatestȱassociatedȱtoȱmoreȱmaficȱrocks.ȱ
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ThereȱareȱseveralȱstudiesȱdealingȱwithȱtheseȱintrusionȬrelatedȱmagnetiteȱandȱ
CuȬAuȱ depositsȱ ofȱ theȱ OMB,ȱ includingȱ thoseȱ ofȱ Casquetȱ andȱ Velascoȱ (1978),ȱ
Casquetȱ (1980),ȱVelascoȱandȱAmigóȱ (1981),ȱTornosȱetȱal.ȱ (2002,ȱ2004),ȱTornosȱandȱ
Chiaradiaȱ (2004),ȱTornosȱ andȱCasquetȱ (2005),ȱCarriedoȱ etȱ al.ȱ (2010)ȱ andȱCarriedoȱ
andȱ Tornosȱ (2010).ȱ However,ȱ littleȱ isȱ knownȱ aboutȱ theȱ origin,ȱ evolutionȱ andȱ
characteristicsȱ ofȱ theȱ fluidsȱ relatedȱ toȱ theȱ oreȱ asȱ wellȱ asȱ theȱ oreȱ formingȱ
mechanisms.ȱ
Meltȱ inclusionsȱrepresentȱsmallȱportionsȱofȱmeltȱtrappedȱduringȱtheȱgrowthȱ
ofȱ theȱ hostȱ crystalȱ whileȱ theȱ magmaȱ wasȱ crystallizing.ȱ Theyȱ provideȱ usefulȱ
informationȱonȱ theȱ evolutionȱofȱmagmaticȱ systems,ȱ suchȱasȱ theȱmeltȱ compositionȱ
(includingȱ theȱ waterȱ andȱ volatileȱ content),ȱ orȱ theȱ pressureȱ andȱ temperatureȱ ofȱ
crystallizationȱ(AndersonȱandȱBrown,ȱ1993;ȱSobolevȱandȱShimizu,ȱ1993;ȱWallaceȱetȱ
al.,ȱ1995;ȱSobolevȱandȱChaussidon,ȱ1996;ȱHauriȱetȱal.,ȱ2002).ȱȱ
Onȱ theȱotherȱhand,ȱ fluidȱ inclusionsȱhaveȱ trappedȱ fluidsȱcirculatingȱ throughȱ
theȱhydrothermalȱsystemsȱrecordingȱtheȱpressureȬtemperatureȬcompositionȱ(PȬTȬX)ȱ
conditionsȱ ofȱ theȱ ancientȱ hydrothermalȱ fluids.ȱ Precipitationȱ ofȱ metalsȬbearingȱ
mineralsȱ fromȱ theȱ fluidsȱ isȱ triggeredȱbyȱseveralȱphysicochemicalȱmechanismsȱ likeȱ
cooling,ȱdecompression,ȱ fluidȱ rockȱ interaction,ȱboiling/unmixingȱandȱ fluidȱmixingȱ
(e.g.ȱSewardȱandȱBarnes,ȱ1997).ȱȱȱ
Inȱtheȱlastȱyears,ȱtheȱnewȱanalyticalȱdevelopmentsȱallowȱtheȱcombinationȱofȱ
conventionalȱ fluidȱ andȱ meltȱ inclusionȱ studiesȱ withȱ SEMȬcathodoluminescenceȱ
(SEMȬCL),ȱ laserȱ ablationȱ –ȱ inductivelyȱ coupledȱ plasmaȱmassȱ spectrometryȱ (LAȬ
ICPMS),ȱandȱRamanȱspectroscopyȱtechniques,ȱandȱprovideȱnewȱmethodologiesȱforȱ
aȱ betterȱ understandingȱ ofȱ theȱ specificȱ oreȬformingȱ processesȱ inȱ magmaticȬ
hydrothermalȱdeposits.ȱThisȱhasȱbeenȱinȱpartȱpossibleȱthanksȱtoȱtheȱnewȱfluidȱandȱ
meltȱ inclusionȱ conceptȱ treatment,ȱ i.e.,ȱ theȱ fluidȱ inclusionȱ assemblagesȱ (FIA,ȱ
Goldsteinȱ andȱReynolds,ȱ 1994)ȱ thatȱ shouldȱ beȱ studiedȱ asȱpetrographicallyȱ coevalȱ
groupsȱ ofȱ inclusionsȱ ratherȱ thanȱ asȱ statisticalȱ accumulationsȱ ofȱ isolatedȱ fluidȱ
inclusions.ȱ
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Inȱthisȱthesis,ȱIȱdealȱwithȱtheseȱconceptsȱfocusingȱtheȱstudyȱinȱthreeȱareasȱthatȱ
representȱthreeȱdifferentȱunresolvedȱquestions,ȱi.e.ȱtheȱSultanaȱveinȱdeposit,ȱtheȱLaȱ
BerronaȱalbiteȱgraniteȱandȱtheȱLaȱBerronaȱmagnetiteȱdeposit.ȱȱ
Evolutionȱandȱobjectivesȱȱ
Theȱ Sultanaȱ veinȱdeposit,ȱ theȱLaȱBerronaȱ albiteȱ graniteȱ andȱ itsȱ hostingȱLaȱ
Berronaȱmagnetiteȱdepositȱrepresentȱthreeȱcontroversialȱandȱwellȱdefinedȱproblemsȱ
inȱ theȱmetallogenyȱ ofȱ theȱOssaȱMorenaȱZone.ȱOnȱ oneȱ hand,ȱ theȱ SultanaȱCuȬAuȱ
depositȱ isȱ anȱ exampleȱ ofȱ lodeȱ goldȱ depositȱwithȱ anȱ unusualȱ oreȱ assemblageȱ inȱ
whichȱcopperȱsulfidesȱareȱveryȱabundant.ȱTheȱveinȱisȱhostedȱbyȱaȱgraniticȱintrusionȱ
thatȱ isȱ inȱ turnȱhostedȱbyȱmetamorphicȱ shalesȱ andȱhence,ȱbothȱ theȱmagmaticȱ andȱ
metamorphicȱoriginsȱ forȱ theȱ fluidsȱandȱ theȱmineralizationȱhaveȱ toȱbeȱ considered.ȱȱ
Indeed,ȱtheseȱsourcesȱareȱtheȱmostȱcommonlyȱaddressedȱfluidȱandȱmetalȱoriginsȱinȱ
theȱliteratureȱofȱlodeȱgoldȱdepositsȱwithoutȱhavingȱreachedȱaȱgeneralȱconsensus.ȱInȱ
Sultana,ȱ theȱ veinȱ fillingȱ hasȱ notȱ beenȱ affectedȱ byȱ shearingȱ orȱ lateȱ deformationȱ
processesȱasȱinȱmostȱofȱtheȱlodeȱgoldȱdeposits,ȱwhichȱhasȱfavoredȱtheȱpreservationȱ
ofȱtheȱfluidȱinclusionȱassemblages.ȱȱ
Onȱtheȱotherȱhand,ȱtheȱalbiteȱgraniteȱandȱtheȱmagnetiteȱmineralizationȱfromȱ
theȱLaȱBerronaȱareȱalsoȱ examined.ȱ Inȱ theȱ firstȱ caseȱ theȱalbiteȱgraniteȱ representsȱaȱ
wellȱmappedȱandȱexposedȱbodyȱwithȱminorȱalterationȱandȱ thus,ȱ itȱexemplifiesȱanȱ
excellentȱ naturalȱ laboratoryȱ toȱ studyȱ theȱ controversialȱ magmaticȬmetasomaticȱ
originȱofȱthisȱunusualȱrock.ȱInȱaddition,ȱtheȱdiscoveryȱofȱwellȱpreservedȱsilicateȱmeltȱ
inclusionsȱ forȱ theȱ firstȱ timeȱ inȱ theȱ literatureȱ ofȱ albiteȱ granitesȱ hasȱ allowedȱ theȱ
detailedȱcharacterizationȱofȱ theȱLaȱBerronaȱbodyȱorigin.ȱFinally,ȱ theȱalbiteȱgraniteȬ
hostedȱLaȱBerronaȱmagnetiteȱdepositȱhasȱbecomeȱ subjectȱofȱ interestȱ inȱ theȱ recentȱ
yearsȱdueȱtoȱ itsȱsimilaritiesȱwithȱtheȱworldȱclassȱIronȱOxideȱCopperȱGoldȱdepositsȱ
(IOCG).ȱCommonȱcharacteristicsȱareȱtheȱreplaciveȱmagnetiteȱmineralization,ȱtheȱlowȱ
sulfideȱcontentȱandȱtheȱsodicȱalterationȱamongȱothers.ȱ
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Therefore,ȱtheȱmainȱobjectivesȱofȱthisȱPh.D.ȱthesisȱare:ȱ
1. UnderstandȱtheȱmechanismsȱandȱcontrolsȱofȱCuȱandȱAuȱtransportȱandȱ
precipitationȱatȱtheȱSultanaȱvein,ȱasȱwellȱasȱtheȱoriginȱofȱtheȱoreȬformingȱfluids.ȱ
Furthermore,ȱcompareȱtheȱobservedȱfluidȱevolutionȱwithȱthatȱofȱotherȱCuȬAuȬ
bearingȱdepositsȱsuchȱasȱorogenicȱgold,ȱintrusionȬrelatedȱgoldȱorȱporphyryȱcopperȱ
systems.ȱ
2. Studyȱ andȱ establishȱ theȱ originȱ ofȱ theȱ largeȱ albititeȱ bodiesȱ inȱ theȱ
Valuengoȱarea,ȱwithȱspecialȱattentionȱtoȱtheȱLaȱBerronaȱStock,ȱdiscussingȱtheirȱroleȱ
inȱtheȱformationȱofȱtheȱadjacentȱmagnetiteȱmineralization.ȱ
3. Studyȱ theȱ geology,ȱ mineralogy,ȱ hydrothermalȱ alterationȱ andȱ
crosscuttingȱrelationshipsȱinȱtheȱmagnetiteȱLaȱBerronaȱdepositȱinȱorderȱtoȱestablishȱ
theȱ fluidȱ evolutionȱ asȱ aȱ continuumȱ fromȱ earlyȱ magmaticȱ toȱ lateȱ hydrothermalȱ
stages.ȱȱ
Inȱ orderȱ toȱ achieveȱ theseȱ objectives,ȱ fluidȱ andȱmeltȱ inclusionȱ studiesȱ areȱ
appliedȱcombinedȱwithȱtheȱLAȬICPMS,ȱRamanȱandȱSEMȬCLȱtechniquesȱsupportedȱ
byȱisotopicȱandȱgeochemicalȱanalysesȱasȱwellȱasȱbyȱfieldȱobservations.ȱ
Organizationȱofȱthisȱthesisȱ
Thisȱthesisȱisȱorganizedȱinȱfourȱchapters.ȱTheȱfirstȱchapterȱincludesȱaȱreviewȱ
ofȱ theȱ regionalȱgeologyȱandȱ theȱ stylesȱofȱmineralizationȱ inȱ theȱOMZ.ȱ Itȱ isȱmostlyȱ
basedȱ onȱ alreadyȱ publishedȱworkȱ butȱ alsoȱ includesȱ personalȱ fieldȱ observationsȱ
madeȱbeforeȱandȱduringȱthisȱthesis.ȱTheȱchapterȱisȱfocusedȱonȱtheȱworkȱcarriedȱoutȱ
inȱ collaborationȱwithȱ JorgeȱCarriedoȱ (thesisȱ inȱ progress),ȱ sinceȱ bothȱ Ph.D.ȱ thesisȱ
wereȱ organizedȱ forȱ beingȱ elaboratedȱ synchronously.ȱ Someȱ ofȱ theȱdataȱ andȱ ideasȱ
presentedȱhereȱcomeȱfromȱthisȱjointȱwork.ȱ
TheȱsecondȱchapterȱisȱfocusedȱonȱtheȱfluidȱevolutionȱofȱtheȱintrusionȬrelatedȱ
SultanaȱCuȬAuȱveinȱdeposit.ȱAfterȱaȱgeologicalȱandȱgeochemicalȱ review,ȱ theȱ fluidȱ
evolutionȱwithinȱtheȱveinȱisȱreconstructed,ȱbasedȱonȱaȱdetailedȱfluidȱinclusionȱstudy.ȱ
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Aȱ combinationȱ ofȱ fluidȱ inclusionȱ petrography,ȱ SEMȬCLȱ imaging,ȱ
microthermometry,ȱLAȬICPMS,ȱandȱRamanȱspectroscopyȱ isȱappliedȱtoȱunravelȱtheȱ
fluidȱ evolutionȱ historyȱ ofȱ theȱ veinȬtypeȱmineralizationȱ andȱ specificȱ oreȱ formingȱ
processes.ȱWeȱalsoȱexamineȱtheȱroleȱofȱtheȱdominantlyȱmagmaticȱandȱmetamorphicȱ
fluidsȱandȱdiscussȱtheȱresultsȱwithȱthoseȱofȱsimilarȱCuȬAuȱdeposits.ȱ
TheȱthirdȱchapterȱincludesȱtheȱmostȱinnovativeȱpartȱofȱthisȱPh.D.ȱwhereȱmeltȱ
inclusionsȱfoundȱinȱtheȱmagnetiteȬrelatedȱalbititeȱareȱusedȱtoȱunderstandȱtheȱoriginȱ
ofȱthisȱrock.ȱSilicateȱmeltȱinclusionsȱ(SMI)ȱareȱstudiedȱbyȱconventionalȱpetrography,ȱ
followedȱ byȱ highȬtemperatureȱ microthermometryȱ andȱ LAȬICPMSȱ analysis.ȱ Ironȱ
oxideȱblebsȱ(IOB)ȱareȱfoundȱtogetherȱwithȱtheȱmeltȱinclusionsȱandȱareȱinterpretedȱasȱ
evidenceȱ forȱ theȱ existenceȱ ofȱ anȱ ironȬtitaniumȬphosphorousȱ meltȱ thatȱ wasȱ
segregatedȱ fromȱ theȱparentalȱ silicateȱmelt.ȱ Inȱ conjunctionȱwithȱ thisȱ thirdȱ chapter,ȱ
theȱ geologicalȱ andȱ geochemicalȱ characterizationȱ ofȱ theȱ Laȱ Berronaȱ magnetiteȱ
depositȱisȱshown,ȱincludingȱaȱpetrographicȱcharacterizationȱofȱtheȱmainȱlithologiesȱ
andȱtheȱorebody.ȱAnȱinȱsituȱdetailedȱmappingȱofȱtheȱrelationshipsȱbetweenȱdifferentȱ
generationsȱofȱveinsȱallowsȱestablishingȱaȱchronologyȱofȱtheȱdifferentȱfluidȱinclusionȱ
assemblagesȱandȱtheȱevolutionȱofȱtheȱfluidsȱinȱtheȱmagmaticȬhydrothermalȱsystem.ȱ
Theȱ fourthȱ chapterȱ includesȱ anȱ overviewȱ andȱ generalȱ conclusionsȱ ofȱ theȱ
previousȱchapters.ȱ
Twoȱ minorȱ studiesȱ developedȱ duringȱ thisȱ thesisȱ areȱ shownȱ inȱ theȱ
Appendices.ȱ Theȱ Appendixȱ IAȱ showsȱ aȱ summaryȱ andȱ interpretationȱ ofȱ severalȱ
SEMȬCLȱquartzȱtexturesȱfoundȱ inȱfiveȱdifferentȱoreȱdeposits,ȱ i.e.ȱSultana,ȱCalaȱandȱ
LaȱBerronaȱinȱtheȱOMZȱandȱMinaȱSilvitaȱandȱTaltalȱinȱtheȱCentralȱAndesȱ(NȱChile).ȱ
TheȱAppendixȱ IBȱdealsȱwithȱaȱpreliminaryȱ fluidȱ inclusionȱstudyȱofȱ theȱmagnetiteȬ
copperȱdepositȱofȱCala,ȱalsoȱsituatedȱinȱtheȱOMB.ȱ
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GrantsȱandȱlaboratoryȱvisitsȱinȱBilbao,ȱZurichȱandȱGenevaȱ
Threeȱextendedȱ laboratoryȱvisitsȱ toȱ theȱUniversityȱofȱBasqueȱCountry,ȱETHȱ
Zurich,ȱ andȱ theȱ Universityȱ Genevaȱ wereȱ financedȱ byȱ theȱ FPIȱ (Formaciónȱ deȱ
Personalȱ Investigador)ȱ researchȱ grantȱ (BESȬ2007Ȭ16232)ȱ ofȱ theȱ Scienceȱ andȱ
InnovationȱMinistryȱofȱSpain,ȱwhichȱalsoȱcoveredȱtheȱsalaryȱduringȱtheȱfourȱyearsȱatȱ
theȱInstitutoȱGeológicoȱyȱMineroȱdeȱEspañaȱ(IGME).ȱTheȱaimȱofȱtheȱinternshipsȱisȱtoȱ
collaborateȱwithȱotherȱscientificȱgroupsȱinȱorderȱtoȱimproveȱtheȱdevelopmentȱofȱtheȱ
Ph.D.ȱprojects.ȱȱ
Aȱ fourȱmonthȱ internshipȱwasȱ firstȱ developedȱ inȱ theȱUniversidadȱ delȱ Paísȱ
Vascoȱ (Marchȱ 2008ȱ –ȱ Julyȱ 2008)ȱunderȱ theȱ supervisionȱofȱ theȱProfessorȱFranciscoȱ
Velasco.ȱȱ
Theȱ developmentȱ ofȱ theȱ fluidȱ andȱ meltȱ inclusionȱ study,ȱ LAȬICPMSȱ andȱ
Ramanȱ analysisȱ asȱwellȱ asȱ theȱ acquisitionȱ ofȱ theȱ knowledgeȱ necessaryȱ forȱ theirȱ
interpretationȱ wouldȱ haveȱ notȱ beenȱ possibleȱ withoutȱ aȱ 10ȱ monthsȱ exchangeȱ
(Septemberȱ 2009ȬAprilȱ 2010ȱ andȱ Septemberȱ 2010ȬDecemberȱ 2010)ȱ atȱ theȱ ETHȱ inȱ
Zürichȱunderȱ theȱ supervisionȱofȱ theȱProfessorȱChristophȱA.ȱHeinrich.ȱHeȱandȱ theȱ
Fluidsȱ andȱMineralȱ Resourcesȱ groupȱ providedȱ theȱ necessaryȱ skillsȱ toȱ useȱ theseȱ
techniquesȱandȱfreeȱaccessȱtoȱtheȱlaboratories.ȱTheȱLAȬICPMSȱequipmentȱatȱtheȱETHȱ
isȱcurrentlyȱmanagedȱbyȱMarkusȱWälleȱandȱ isȱaȱworldȱclassȱLAȬICPMSȱ laboratoryȱ
forȱsingleȱfluidȱinclusionȱanalyses,ȱwithȱveryȱgoodȱaccuracyȱevenȱforȱ“problematic”ȱ
elementsȱsuchȱasȱgoldȱandȱsulfur.ȱȱ
Finally,ȱaȱfiveȱmonthȱinternshipȱwasȱalsoȱgrantedȱatȱtheȱUniversitéȱdeȱGenèveȱ
inȱGenevaȱwhereȱisotopeȱanalysesȱ(sulfurȱstableȱisotopesȱinȱtheȱsulfidesȱandȱSr/Ndȱ
andȱ Pbȱ radiogenicȱ isotopesȱ inȱ theȱ albitite)ȱ haveȱ beenȱ performedȱ underȱ theȱ
supervisionȱofȱtheȱProfessorȱLluísȱFontboté.ȱ
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Chapterȱ I:ȱ Regionalȱ geologyȱ andȱ metallogenyȱ ofȱ theȱ
OssaȱMorenaȱZone:ȱaȱreviewȱ
I.1.ȱIntroductionȱ
TheȱOssaȱMorenaȱZoneȱ(OMZ)ȱconstitutesȱoneȱofȱtheȱsouthernmostȱterranesȱ
ofȱtheȱEuropeanȱVariscanȱBeltȱandȱ isȱoneȱofȱtheȱfewȱareasȱ inȱtheȱIberianȱPeninsulaȱ
whereȱ thereȱ areȱ evidencesȱ ofȱ polyorogenicȱ deformation,ȱ magmatismȱ andȱ
metamorphism.ȱ Itȱ representsȱ oneȱ ofȱ theȱ majorȱ divisionsȱ ofȱ theȱ Iberianȱ Massifȱ
establishedȱbyȱJulivertȱetȱal.ȱ(1974)ȱandȱisȱlocatedȱbetweenȱtheȱCentralȱIberianȱZoneȱ
(CIZ)ȱandȱtheȱSouthȱPortugueseȱZoneȱ(SPZ)ȱ(Fig.1).ȱȱ
Geographically,ȱ itȱ coversȱ anȱ areaȱ ofȱ aroundȱ 300x150ȱ km2,ȱ extendingȱ fromȱ
Portugalȱ atȱ theȱWNWȱ toȱ theȱGuadalquivirȱ basinȱ atȱ theȱ ESE.ȱDueȱ toȱ itsȱ tectonicȱ
complexityȱandȱvarietyȱofȱ lithologiesȱ theȱOMZȱhasȱbeenȱ subjectȱofȱmajorȱ interestȱ
andȱdiscussionȱwithȱabundantȱstudiesȱrelatedȱtoȱdifferentȱgeologicalȱdisciplines.ȱ
TheȱOMZȱ hostsȱ aȱwideȱ varietyȱ andȱ abundanceȱ ofȱ oreȱdepositsȱwithȱmoreȱ
thanȱ650ȱoccurrences,ȱaccordingȱtoȱTornosȱetȱal.ȱ(2004).ȱMostȱofȱthemȱwereȱformedȱ
duringȱ theȱ Cadomianȱ andȱ theȱ Variscanȱ orogeniesȱ asȱ wellȱ asȱ theȱ CambrianȬ
Ordovicianȱriftingȱeventȱinȱbetween.ȱTheȱmostȱdominantȱoreȱdepositȱstylesȱincludeȱ
volcanogenicȱandȱsedimentȬhostedȱmassiveȱsulfides,ȱbariteȱandȱZnȬPbȱSEDEX,ȱironȱ
oxideȱ strataboundȱ mineralization,ȱ FeȬrichȱ skarnsȱ andȱ IOCGȬlikeȱ replacements,ȱ
magmaticȱNiȬ(Cu)ȱ breccias,ȱCuȬ(AuȬBi)ȱ veins,ȱWȬSnȱ greisensȱ andȱ veins,ȱ orogenicȱ
goldȱ depositsȱ andȱ baseȱmetalȬrichȱ quartzȱ veinsȱwithȱ accessoryȱHgȱ replacements.ȱ
Detailedȱ studiesȱdealingȱwithȱ theȱ regionalȱmetallogenyȱofȱ theȱOssaȱMorenaȱZoneȱ
areȱ thoseȱofȱLocuturaȱetȱal.ȱ (1990),ȱTornosȱandȱChiaradiaȱ (2004)ȱandȱTornosȱetȱal.ȱ
(2004).ȱ
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Figureȱ 1.ȱDistributionȱofȱ theȱVariscanȱ terranesȱ andȱ zonalȱdivisionsȱofȱ theȱ Iberianȱ
MassifȱestablishedȱbyȱJulivertȱetȱal.ȱ(1974).ȱTheȱOssaȱMorenaȱZoneȱ(OMZ)ȱ
isȱ locatedȱ betweenȱ theȱ Southȱ Portugueseȱ Zoneȱ (SPZ)ȱ andȱ theȱ Centralȱ
IberianȱZoneȱ(CIZ).ȱModifiedȱafterȱEguíluzȱetȱal.ȱ(2000).ȱ
I.2.ȱTectonicȱ evolutionȱ ofȱ theȱOssaȱMorenaȱZone:ȱ fromȱ theȱ
CadomianȱtoȱtheȱVariscanȱorogeniesȱ
Theȱ OMZȱ isȱ theȱ resultȱ ofȱ aȱ complexȱ tectonicȱ evolutionȱ involvingȱ theȱ
superpositionȱ ofȱ twoȱ majorȱ orogeniesȱ (Cadomianȱ inȱ theȱ Neoproterozoicȱ andȱ
Variscanȱ inȱ theȱMesozoic),ȱ bothȱ includingȱwidespreadȱmagmatismȱ andȱ variableȱ
metamorphism.ȱThisȱtectonicȱcomplexityȱisȱreflectedȱbyȱtheȱdifferentȱinterpretationsȱ
givenȱbyȱ theȱauthorsȱworkingȱ inȱ theȱareaȱwhoȱstillȱcontinueȱhypothesizingȱonȱ theȱ
relativeȱeffectsȱofȱbothȱorogeniesȱinȱtheȱOMZ.ȱInȱbrief,ȱtheȱmostȱacceptedȱsettingȱforȱ
theȱOssaȱMorenaȱZoneȱ includesȱ theȱsuperpositionȱofȱ twoȱAndeanȬlikeȱcontinentalȱ
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marginsȱandȱrelatedȱmagmatism,ȱwithȱsubduction,ȱoceanicȱdestructionȱandȱfurtherȱ
continentȬcontinentȱ collisionȱ (SánchezȱCarreteroȱ etȱ al.,ȱ 1990;ȱMurphyȱ andȱNance,ȱ
1991;ȱMartínezȱPoyatos,ȱ1997;ȱEguíluzȱetȱal.,ȱ2000;ȱFernándezȬSuárezȱetȱal,ȱ2000;ȱPinȱ
etȱal.,ȱ2002).ȱȱ
Duringȱ theȱNeoproterozoicȱ ȬȱEarlyȱCambrianȱCadomianȱorogeny,ȱ theȱOMZȱ
representedȱ aȱ continentalȱ arcȱ thatȱ wasȱ accretedȱ toȱ theȱ passiveȱ marginȱ ofȱ theȱ
AutochthonousȱIberianȱTerraneȱ(currentȱCentralȱIberianȱZoneȱorȱCIZ)ȱwhichȱwasȱinȱ
turnȱ partȱ ofȱ theȱ northernȱ Gondwanaȱ continentȱ (Quesada,ȱ 1990;ȱ Ábalos,ȱ 1991;ȱ
Eguíluzȱ etȱ al.,ȱ 2000;ȱBandrésȱ etȱ al.,ȱ 2002,ȱ 2004).ȱThisȱ episodeȱproducedȱ aȱ tectonicȱ
amalgamationȱ thatȱ leadedȱ toȱ theȱArmoricanȱ terraneȱ assemblageȱ (Murphyȱ etȱ al.,ȱ
1989;ȱFernándezȱ Suárezȱ etȱ al.,ȱ 2000;ȱ Stampfliȱ etȱ al.,ȱ 2002;ȱGutiérrezȱAlonsoȱ etȱ al.,ȱ
2003;ȱ Etxebarriaȱ etȱ al.,ȱ 2006).ȱ Priorȱ toȱ theȱ secondȱ Variscanȱ orogenicȱ event,ȱ aȱ
CambrianȱȬȱOrdovicianȱriftingȱstageȱwasȱdevelopedȱinȱtheȱOMZȱwithȱdevelopmentȱ
ofȱoceanicȱcrustȱ (theȱRheicȱocean)ȱandȱproductionȱofȱ intenseȱbimodalȱmagmatism.ȱȱ
Dueȱ toȱ thisȱ extensionalȱ stage,ȱ aȱ fragmentȱ ofȱ theȱOMZȱ leftȱ fromȱ theȱGondwanaȱ
marginȱ(partȱofȱAvalonian?)ȱwhileȱtheȱrestȱofȱtheȱOMZȱcontinuedȱbeingȱpartȱofȱtheȱ
IberianȱTerraneȱ (SánchezȬGarcíaȱ etȱal.,ȱ2008).ȱTheȱ riftingȱ stageȱwasȱ followedȱbyȱaȱ
passiveȱmarginȱstageȱduringȱtheȱLateȱOrdovicianȱandȱEarlyȱDevonianȱrelatedȱtoȱtheȱ
evolutionȱ ofȱ theȱRheicȱ ocean.ȱ (SánchezȱCarreteroȱ etȱ al,ȱ 1990;ȱEguíluzȱ etȱ al.,ȱ 2000;ȱ
SánchezȬGarcíaȱ etȱ al.,ȱ 2003,ȱ 2008,ȱ 2010).ȱ Duringȱ theȱ Lateȱ Paleozoicȱ Variscanȱ
orogeny,ȱ theȱOMZȱhostedȱaȱ secondȱmagmaticȱarcȱ relatedȱ toȱ theȱ likelyȱnorthwardȱ
subductionȱ ofȱ theȱ Rheicȱ oceanicȱ crustȱ andȱ obliqueȱ collisionȱ duringȱ theȱ
amalgamationȱ ofȱ Pangea.ȱ Duringȱ theȱ consequentȱ riftingȱ inȱ theȱ Mesozoicȱ withȱ
subsequentȱopeningȱofȱ theȱTethys,ȱanȱexoticȱ terraneȱnowadaysȱrepresentedȱbyȱ theȱ
SouthȱPortugueseȱZoneȱ(SPZ)ȱwasȱattachedȱtoȱtheȱOMZ.ȱ
TheȱOMZȱ isȱ boundedȱ byȱ twoȱmajorȱ transcrustalȱ firstȱ orderȱ structures,ȱ theȱ
BadajozȱCórdobaȱShearȱZoneȱatȱtheȱNorthȱandȱtheȱSouthernȱIberianȱShearȱZoneȱatȱ
theȱ South,ȱwhichȱ areȱ interpretedȱ asȱ theȱ crustalȱ suturesȱ limitingȱ theȱ terranesȱ thatȱ
wereȱ accretedȱ duringȱ continentȬcontinentȱ collisionȱ (Brunȱ andȱ Burg,ȱ 1982;ȱMatte,ȱ
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1986,ȱCrespoȱBlanc,ȱ 1989;ȱQuesadaȱ 1991;ȱÁbalosȱ etȱal.,ȱ 1991a;ȱEguíluzȱ etȱal,ȱ 2000;ȱ
Simancasȱetȱal.,ȱ2004).ȱ
Forȱaȱmoreȱextensiveȱdescriptionȱofȱ theȱgeneralȱgeologyȱofȱ theȱOMZ,ȱ thereȱ
areȱ completeȱ reviewsȱ inȱ theȱ studiesȱ ofȱApalategui,ȱ (1990),ȱQuesadaȱ etȱ al.ȱ (1991),ȱ
Eguíluzȱetȱal.ȱ(2000)ȱandȱtheȱvolumesȱeditedȱbyȱMartinezȱandȱDallmeyerȱ(1990ȱȬȱPreȬ
MesozoicȱGeologyȱofȱIberia),ȱCasquetȱ(2004ȱȬȱJournalȱofȱIberianȱGeology),ȱandȱVeraȱ
(2004ȱȬȱGeologíaȱdeȱEspaña)ȱwithȱtheȱreferencesȱtherein.ȱ
I.2.1.ȱTheȱNeoproterozoicȱBasementȱ
TheȱbasementȱPreȬCadomianȱsequenceȱofȱ theȱOMZȱ includesȱ theȱ thickȱSerieȱ
NegraȱUnit,ȱdominatedȱbyȱblackȱshaleȱandȱmetagreywackeȱwithȱinterbeddedȱblackȱ
quartziteȱdepositedȱinȱaȱpassiveȱmarginȱregimeȱ(Fig.2).ȱEguiluzȱ(1987)ȱdistinguishedȱ
twoȱgroupsȱofȱrocksȱinȱtheȱSerieȱNegraȱUnit:ȱ(1)ȱtheȱMontemolínȱSuccessionȱwithȱaȱ
monotonousȱserieȱofȱblackȱshale,ȱquartzȬschistȱandȱamphiboliteȱwithȱintercalationȱofȱ
blackȱ quartziteȱ andȱ carbonaticȱ rocksȱ and,ȱ (2)ȱ theȱ Tentudíaȱ Successionȱ withȱ
metagreywackeȱandȱdarkȱslateȱandȱinterbeddedȱblackȱquartziteȱandȱvolcanicȱrocks.ȱ
Thereȱ isȱ notȱ aȱ preciseȱ ageȱ forȱ theȱ SerieȱNegraȱUnitȱ butȱ itȱ isȱ ascribedȱ toȱ theȱ lateȱ
Neoproterozoicȱasȱ itȱ isȱalwaysȱ locatedȱbelowȱ theȱCambrianȱsequenceȱ (Azorȱetȱal.,ȱ
2004).ȱAccordingȱtoȱGalindoȱandȱCasquetȱ(2004),ȱPrecambrianȱrocksȱinȱtheȱOMZȱcanȱ
beȱfoundȱalongȱthreeȱareas:ȱ1)ȱtheȱblastomiloniticȱcorridorȱtoȱtheȱnorthȱofȱtheȱOMZ,ȱ
2)ȱ theȱOlivenzaȱMonesterioȱAntiformȱ (thisȱ study)ȱ inȱ theȱ centralȱ partȱ and,ȱ 3)ȱ theȱ
AracenaȱMassifȱtoȱtheȱsouth.ȱȱ
ȱ
Figureȱ 2.ȱ Syntheticȱ stratigraphicȱ columnȱ ofȱ theȱOssaȱMorenaȱZoneȱ andȱ temporalȱ
correlationȱwithȱ theȱmainȱ igneousȱ andȱ tectonicȱ events.ȱ Itȱ consistsȱof:ȱ (1)ȱ
dismemberedȱ preȬCadomianȱ sequencesȱ withȱ highȱ gradeȱ metamorphicȱ
rocksȱandȱaȱ thickȱsiliciclasticȱsequenceȱdepositedȱ inȱaȱpassiveȱmargin;ȱ(2)ȱ
backarcȱtoȱ intraarcȱsequencesȱofȱ lateȱNeoproterozoicȬearlyȱCambrianȱage;ȱ
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(3)ȱ thickȱvolcanosedimentaryȱunitȱ formedȱduringȱanȱ intracontinentalȱ riftȱ
phase;ȱ (4)ȱ passiveȱ marginȱ sequence;ȱ and,ȱ 5)ȱ synȬVariscanȱ sedimentaryȱ
rocksȱdepositedȱ inȱrestrictedȱbasins.ȱModifiedȱafterȱQuesadaȱ(1992),ȱAzorȱ
etȱal.ȱ(2004)ȱandȱTornosȱandȱChiaradiaȱ(2004).ȱ
I.2.2.ȱTheȱCadomianȱOrogeny:ȱLateȱNeoproterozoicȱ–ȱEarlyȱCambrianȱ
Duringȱ theȱ Neoproterozoicȱ Cadomianȱ orogeny,ȱ theȱ OMZȱ representedȱ aȱ
magmaticȱ arcȱ thatȱwasȱ accretedȱ toȱ theȱ IberianȱAutochthonousȱ Terraneȱ (northernȱ
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Gondwana).ȱ Theȱ firstȱ expressionȱ ofȱ magmatismȱ inȱ theȱ Neoproterozoicȱ OMZȱ isȱ
locatedȱ inȱ theȱ Centralȱ Unityȱ withȱ veryȱ deformedȬȱ highȱ toȱ mediumȱ gradeȱ
metamorphicȱrocksȱdatedȱatȱ611ȱ±ȱ7ȱMaȱ(Schafer,ȱ1990).ȱTheseȱrocksȱareȱrelatedȱwithȱ
theȱriftingȱepisodeȱinȱtheȱinȱtheȱbeginningȱofȱtheȱCadomianȱcycleȱ(Apalateguiȱetȱal.,ȱ
1985a;ȱQuesada,ȱ1990;ȱGalindoȱandȱCasquet,ȱ2004)ȱ
ȱTheȱevidencesȱofȱtheȱexistenceȱofȱtheȱCadomianȱorogenyȱinȱtheȱarchitectureȱ
ofȱtheȱOMZȱareȱstillȱunderȱcontroversyȱasȱtheȱVariscanȱdeformationȱhasȱobliteratedȱ
manyȱofȱ theȱCadomianȱ structures.ȱMostȱauthorsȱdescribeȱaȱ synȬorogenicȱvolcanicȱ
sequenceȱ andȱ relatedȱ epizonalȱ plutonismȱ (theȱ Malcocinadoȱ volcanosedimentaryȱ
Formationȱandȱ relatedȱplutonicȱ rocksȱ (Fig.2);ȱSánchezȱCarreteroȱetȱal.,ȱ1989,ȱ1990;ȱ
Almarza,ȱ1996;ȱMartínezȱPoyatos,ȱ1997;ȱPinȱetȱal.,ȱ1999;ȱGalindoȱandȱCasquet,ȱ2004)ȱ
toȱ thisȱevent,ȱsynchronousȱwithȱ theȱdevelopmentȱofȱwidespreadȱ foliationȱandȱ lowȱ
gradeȱmetamorphismȱ(Capdevilaȱetȱal.,ȱ1971;ȱBlatrixȱandȱBurg,ȱ1981;ȱEguiluz,ȱ1987;ȱ
Dallmeyerȱ andȱQuesada,ȱ 1992).ȱTheseȱ authorsȱ alsoȱ suggestȱ thatȱ theȱPrecambrianȱ
Serieȱ Negraȱ inȱ theȱ Olivenzaȱ Monesterioȱ Antiformȱ recordedȱ twoȱ phasesȱ ofȱ
deformationȱwithȱassociatedȱmetamorphismȱthatȱpossiblyȱbelongȱtoȱtheȱCadomianȱ
cycle.ȱ
ȱHowever,ȱ someȱauthorsȱproposeȱ thatȱ theȱ tectonoȬmetamorphicȱ fabricsȱandȱ
theȱmetamorphismȱpresentȱinȱtheȱPrecambrianȱrocksȱareȱassociatedȱtoȱtheȱVariscanȱ
deformationȱandȱnotȱtoȱtheȱCadomianȱorogenyȱ(i.e.ȱSimancasȱetȱal.,ȱ2004).ȱ
TheȱMalcocinadoȱvolcanosedimentaryȱFormationȱwasȱdepositedȱbetweenȱtheȱ
Serieȱ Negraȱ Unitȱ andȱ theȱ Cambrianȱ successionȱ (Fig.2).ȱ Itȱ isȱ composedȱ byȱ calcȬ
alkalineȱandesiteȱtoȱrhyoliteȱvolcanicȱrocksȱinterbeddedȱwithȱsiliciclastic,ȱcarbonaticȱ
andȱ volcanoclasticȱ sediments.ȱ Thisȱ sequenceȱ isȱ coetaneousȱ withȱ aȱ widespreadȱ
subvolcanicȱ plutonismȱ thatȱ intrudesȱ theȱ SerieȱNegraȱUnitȱ (Laȱ Bomba,ȱAhillones,ȱ
Escribano,ȱMosquilȱ andȱ Sierraȱ Pedrosaȱ plutons).ȱ TheȱMalcocinadoȱ Formationȱ isȱ
associatedȱ toȱ aȱ calcȬalkalineȱmagmatismȱ relatedȱ toȱ theȱmagmaticȱ arcȱ developedȱ
aboveȱ theȱCadomianȱsubductionȱzoneȱ (SánchezȱCarreteroȱetȱal.,ȱ1989,ȱ1990;ȱPinȱetȱ
al.,ȱ2002).ȱȱ
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ThereȱisȱdisagreementȱinȱtheȱliteratureȱaboutȱhowȱlongȱlastedȱtheȱCadomianȱ
cycleȱ inȱ theȱOMZ.ȱSomeȱauthorsȱ includeȱ theȱEarlyȱCambrianȱ carbonaticȱplatformȱ
sequenceȱasȱaȱpartȱofȱitȱ(Ochner,ȱ1993;ȱEguiluzȱetȱal.,ȱ2000;ȱBandrésȱetȱal.,ȱ2002)ȱwhileȱ
othersȱ supportȱ thatȱ thisȱ sequenceȱ representsȱ aȱ transitionalȱ periodȱ postdatingȱ theȱ
orogenȱitselfȱ(Quesada,ȱ1991;ȱGieseȱandȱBühn,ȱ1993;ȱExpósito,ȱ2000,ȱSimancasȱetȱal.,ȱ
2004).ȱȱ
I.2.3.ȱTheȱriftingȱstage:ȱEarlyȱCambrianȱȬȱMidȱOrdovicianȱ
Afterȱ theȱ periodȱ ofȱ stabilityȱ withȱ shallowȱ depositionȱ ofȱ carbonaticȱ andȱ
siliciclasticȱ sediments,ȱ aȱ riftingȱ stageȱ tookȱ placeȱ inȱ theȱ OMZȱ duringȱ theȱ Earlyȱ
Cambrianȱ–ȱMidȱOrdovicianȱ(Quesada,ȱ1987,ȱ1991,ȱ2006;ȱLiñánȱandȱQuesada,ȱ1990;ȱ
Quesadaȱetȱal.,ȱ1991;ȱExpósitoȱetȱal.,ȱ2003;ȱSimancasȱetȱal.,ȱ2004).ȱTheȱsynȬCadomianȱ
sequenceȱ isȱunconformablyȱoverlainȱbyȱmolasseȬlikeȱ sedimentsȱ (TorreárbolesȱFm)ȱ
andȱ shallowȱ marineȱ sediments,ȱ includingȱ anȱ extensiveȱ carbonateȱ platformȱ
(Pedroche,ȱAlconeraȱandȱSantoȱDomingoȱFms)ȱ (Fig.2).ȱSánchezȬGarcíaȱetȱal.ȱ (2003,ȱ
2008,ȱ 2010)ȱ haveȱ distinguishedȱ twoȱ periodsȱ ofȱmagmaȱ emplacementȱ duringȱ theȱ
riftingȱstage:ȱ1)ȱanȱEarlyȱIgneousȱEventȱ(EIE)ȱdatedȱatȱ530ȱ±ȱ5ȱMa,ȱcomprisedȱofȱacidȱ
peraluminousȱrocksȱwithȱmigmatiteȱformationȱduringȱdevelopmentȱofȱcoreȱcomplexȱ
structuresȱand,ȱ2)ȱaȱMainȱIgneousȱEventȱ(MIE)ȱdatedȱbetweenȱ517ȱMaȱ–ȱ502ȱ±ȱ2ȱMaȱ
withȱ volcanic,ȱ subvolcanicȱ andȱ shallowȱ plutonicȱ rocksȱ thatȱ representȱ aȱ bimodalȱ
magmatismȱwithȱbasaltȱandȱrhyolite.ȱTheȱEIEȱisȱconsideredȱtoȱrepresentȱtheȱonsetȱofȱ
riftingȱ stageȱ inȱ theȱOMZ.ȱRelatedȱ toȱ theȱMIEȱevent,ȱ theȱwidespreadȱbutȱ localizedȱ
intrusionsȱ ofȱ Earlyȱ Cambrianȱ albititeȱ occur,ȱ whichȱ areȱ studiedȱ inȱ detailȱ inȱ theȱ
chapterȱIIIȱofȱthisȱthesis.ȱ
Asȱ aȱ resultȱofȱ thisȱ extensionalȱ event,ȱoceanicȱ crustȱwasȱ formedȱduringȱ theȱ
EarlyȱOrdovicianȱleadingȱtoȱtheȱopeningȱofȱtheȱRheicȱOceanȱtoȱtheȱSouth,ȱbetweenȱ
theȱcurrentȱOMZȱandȱ theȱSPZȱzones,ȱandȱofȱaȱsmallȱoceanȱbetweenȱ theȱOMZȱandȱ
theȱ Iberianȱ terraneȱ toȱ theȱNorthȱalongȱ theȱ formerȱCadomianȱ sutureȱ thatȱwasȱalsoȱ
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affectedȱbyȱtheȱriftingȱstageȱ(Quesadaȱet.ȱal.,ȱ1994;ȱSánchezȬGarcíaȱetȱal.,ȱ2003,ȱ2008;ȱ
2010;ȱSimancasȱetȱal.,ȱ2004;ȱAzorȱetȱal.,ȱ2004).ȱȱ
I.2.4.ȱPassiveȱmarginȱphase:ȱOrdovicianȱȬȱEarlyȱDevonianȱ
Afterȱ theȱriftingȱstage,ȱaȱpassiveȱmarginȱscenarioȱ lastedȱuntilȱ theȱEarlyȬMidȱ
Devonian,ȱwhenȱitȱwasȱdisruptedȱbyȱtheȱearlyȱstagesȱofȱtheȱVariscanȱOrogeny.ȱHere,ȱ
shallowȱmarineȱandȱsiliciclasticȱsedimentsȱwereȱdepositedȱaboveȱtheȱCambrianȱriftȱ
successionȱinȱaȱtransgressiveȱenvironmentȱ(theȱ“detriticȱsucession”ȱofȱtheȱfigure.ȱ2)ȱ
(RobardetȱandȱGutiérrezȱMarco,ȱ1990;ȱSánchezȬGarcía,ȱ2003;ȱ2008;ȱ2010).ȱ
I.2.5.ȱTheȱVariscanȱorogeny:ȱMidȱDevonianȱȬȱPermianȱ
Inȱaȱgeneralȱscale,ȱtheȱcollision,ȱsubduction,ȱandȱcontinentalȱamalgamationȱofȱ
Gondwanaȱderivedȱ terranesȱatȱ theȱSoutheastȱandȱLaurassiaȱatȱ theȱNorthwestȱ intoȱ
theȱPangeaȱcontinentȱwasȱrecordedȱinȱtheȱpresentȱWesternȱEuropeȱbyȱtheȱVariscanȱ
orogenyȱ (Brunȱ andȱ Burg,ȱ 1982;ȱ Matte,ȱ 1986,ȱ 2001;ȱ Franke,ȱ 1989;ȱ Shelleyȱ andȱ
Bossiere,ȱ2000;ȱStampfliȱetȱal.,ȱ2002).ȱTheȱVariscanȱorogenyȱisȱtheȱresponsibleȱforȱtheȱ
presentȱ geometricalȱ arrangementȱ ofȱ unitsȱ inȱ theȱ IberianȱMassifȱ andȱ inȱ theȱOMZȱ
itself,ȱatȱ itȱhasȱbeenȱshownȱ inȱtheȱfiguresȱ1ȱandȱ4ȱrespectivelyȱ(Ribeiroȱetȱal.,ȱ1990;ȱ
Quesada,ȱ 1991,ȱ 2006).ȱ ȱ Inȱ theȱ OMZȱ theȱ Variscanȱ orogenyȱ startedȱ inȱ theȱ lateȱ
PaleozoicȱwithȱtheȱsubductionȱofȱoceanicȱcrustȱbeneathȱtheȱCIZȱandȱtheȱnorthwardȱ
obliqueȱsubductionȱofȱ theȱRheicȱoceanȱunderȱ theȱOMZȱ (Munháȱetȱal.,ȱ1986;ȱSilva,ȱ
1990;ȱQuesada,ȱ 1991;ȱQuesadaȱ etȱ al.,ȱ 1994;ȱAzorȱ etȱ al.,ȱ 2004;ȱRibeiroȱ etȱ al.,ȱ 2010).ȱ
Afterȱtheȱoceanicȱcrust,ȱtheȱcontinentalȱcrustȱofȱtheȱOMZȱstartedȱtoȱsubductȱ inȱtheȱ
earlyȱ Devonianȱ followedȱ byȱ continentalȱ collisionȱ withȱ theȱ CIZ.ȱ Theȱ orogenyȱ
continuedȱafterȱtheȱopeningȱofȱtheȱTethysȱandȱtheȱAtlanticȱoceansȱinȱanȱextensionalȱ
phaseȱwithȱ obliqueȱ collisionȱ andȱ coetaneousȱ subductionȱ ofȱ theȱ nonȬGondwananȱ
continentalȱSouthȱPortugueseȱblockȱbeneathȱ theȱOMZ.ȱThisȱeventȱ lastedȱ fromȱ theȱ
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lateȱDevonianȱuntilȱ theȱ lateȱCarboniferousȱ (Fig.ȱ3)ȱ (Silvaȱetȱal.,ȱ1990;ȱRibeiroȱetȱal.,ȱ
1990;ȱQuesada,ȱ1991).ȱȱ
Figureȱ3.ȱExplanatoryȱcrossȱsectionȱofȱ theȱ relationshipsȱbetweenȱ theȱOssaȱMorenaȱ
Zoneȱ (OMZ),ȱ theȱCentralȱ IberianȱZoneȱ (CIZ)ȱ andȱ theȱ Southȱ Portugueseȱ
Zoneȱ(SPZ)ȱatȱtheȱendȱofȱtheȱVariscanȱOrogeny.ȱModifiedȱfromȱRibeiroȱetȱ
al.ȱ(2010)ȱandȱAzorȱetȱal.ȱ(2004).ȱȱ
ȱ
Theȱ synȬVariscanȱ sedimentationȱ occurredȱ coincidingȱ withȱ theȱ extensionalȱ
periodȱbetweenȱtheȱtwoȱcompressiveȱepisodesȱofȱDevonianȱandȱLateȱCarboniferousȱ
agesȱrespectively.ȱTheȱCarboniferousȱsedimentationȱoccurredȱinȱtwoȱmarineȱbasinsȱ
separatedȱbyȱtheȱemergentȱterrenesȱofȱtheȱOMZȱinȱwhichȱcontinentalȱsedimentationȱ
isȱrecordedȱinȱsmallȱisolatedȱbasinsȱ(TerenaȱSucession,ȱFig.2;ȱGabaldonȱetȱal.,ȱ1985;ȱ
Quesadaȱetȱal.,ȱ1990).ȱ
TheȱdeformationȱofȱtheȱOMZȱduringȱtheȱVariscanȱorogenyȱwasȱcontrolledȱbyȱ
majorȱstructuresȱ includingȱSWȬvergingȱNWȬSEȱtrendingȱductileȱshearȱzonesȱ(Azorȱ
etȱal.,ȱ1993,ȱ1994)ȱthatȱinvolvedȱtheȱCadomianȱbasementȱ(e.g.ȱMonesterioȱthrust)ȱandȱ
largeȱfoldȱnappes,ȱmegaȱfolds,ȱandȱlowȱangleȱthrustsȱinvolvingȱtheȱPaleozoicȱcoverȱ
(Quesadaȱ etȱ al.,ȱ 1991).ȱ Sinistralȱ subductionȱ andȱ collisionȱ alsoȱ producedȱ
superimposedȱlargeȱWNWȬESEȱstrikeȬslipȱstructuresȱthatȱcontrolledȱtheȱpresentȱdayȱ
distributionȱofȱlithologiesȱwithinȱtheȱOMZȱinȱnarrowȱandȱlongȱdomainsȱwhichȱshowȱ
veryȱ differentȱ stratigraphy,ȱ styleȱ ofȱ deformationȱ andȱ regionalȱ metamorphismȱ
(Fig.4).ȱTheȱVariscanȱregionalȱmetamorphismȱisȱusuallyȱofȱlowȱgradeȱbutȱthereȱareȱ
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someȱ areas,ȱ especiallyȱ thoseȱ upliftedȱ alongȱ theȱ majorȱ shearȱ zonesȱ suchȱ asȱ theȱ
Valuengoȱ andȱ theȱLoraȱdelȱRioȱmetamorphicȱ complexes,ȱwhichȱ showȱhighȱgradeȱ
metamorphismȱwithȱlocalȱanatexisȱ(Azorȱetȱal.,ȱ2004).ȱRelatedȱtoȱthisȱtranspressionalȱ
deformationȱthereȱareȱextensionalȱzonesȱsuchȱasȱ jogsȱorȱpullȱapartȱzonesȱthatȱwereȱ
theȱlociȱforȱplutonism.ȱȱ
TheȱVariscanȱplutonismȱisȱwidespreadȱinȱtheȱOMZȱandȱincludesȱcalcȬalkalineȱ
metaluminousȱintrusiveȱbodiesȱrangingȱdominantlyȱbetweenȱgabbroȱtoȱtonaliteȱandȱ
granodioriteȱ (Sanchezȱ Carreteroȱ etȱ al.,ȱ 1990;ȱ Casquet,ȱ 2004).ȱ Thisȱ plutonismȱ isȱ
mainlyȱconcentratedȱinȱtheȱOlivenzaȬMonesterioȱBeltȱandȱitsȱsouthernȱprolongation,ȱ
theȱSantaȱOlallaȱPlutonicȱComplexȱ(Fig.ȱ5).ȱȱ
TheȱAlpineȱ orogenyȱ (Paleogeneȱ –ȱNeogene)ȱ hasȱ probablyȱ hadȱ onlyȱminorȱ
influenceȱinȱtheȱOssaȱMorenaȱZone,ȱwithȱlocalȱreactivationȱofȱpreexistingȱfaults.ȱ´ȱ
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ȱ
Figureȱ4.ȱȱSyntheticȱgeologicȱmapȱofȱtheȱOssaȱMorenaȱZoneȱinȱSWȱofȱSpainȱshowingȱ
theȱtectonicȱzones.ȱ
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I.3.ȱ Theȱ OlivenzaȬMonesterioȱ beltȱ andȱ associatedȱ
mineralizationȱ
TheȱOssaȱMorenaȱZoneȱhasȱbeenȱdividedȱ intoȱseveralȱ tectonoȬmetamorphicȱ
beltsȱthatȱareȱlimitedȱbyȱVariscanȱstructuresȱ(Oliveira,ȱ1986;ȱApalateguiȱetȱal.,ȱ1990)ȱ
andȱ thatȱhaveȱdifferentȱmetallogenicȱ characteristicsȱ (Fig.ȱ4)ȱ (Locuturaȱ etȱal.,ȱ1990;ȱ
Tornosȱ etȱ al.,ȱ 2004).ȱ Inȱ thisȱ section,ȱ theȱbestȱdefinedȱ andȱmetallogeneticallyȱmoreȱ
significantȱbeltȱ isȱexamined,ȱtheȱsoȱcalledȱOlivenzaȬMonesterioȱBeltȱ(OMB)ȱ(Fig.ȱ5)ȱ
(Tornosȱ etȱ al.,ȱ 2004).ȱTheȱOMBȱCorrespondsȱ toȱ aȱmajorȱ antiformalȱ structureȱ thatȱ
extendsȱoverȱaroundȱ180ȱkmȱinȱaȱNWȱ–ȱSEȱdirectionȱvergingȱtoȱtheȱSWȱinȱtheȱcentralȱ
OMZ.ȱTheȱcoreȱofȱthisȱstructureȱ isȱcomposedȱofȱtheȱPrecambrianȱSerieȱNegraȱUnitȱ
thatȱ isȱoverlainȱbyȱ theȱvolcanosedimentaryȱ rocksȱofȱ theȱMalcocinadoȱFmȱandȱ theȱ
wellȱ exposedȱCambrianȱ siliciclasticȱ (Torreárbolesȱ Fm.)ȱ andȱ carbonaticȱ (Pedroche,ȱ
SantoȱDomingoȱandȱAlconeraȱFms.)ȱsediments.ȱ
Theȱ Olivenzaȱ Monesterioȱ Antiformȱ isȱ theȱ resultȱ ofȱ aȱ firstȱ Variscanȱ
deformationȱphaseȱwithȱdevelopmentȱofȱisoclinalȱfoldsȱofȱEȬWȱdirection.ȱAȱsecondȱ
deformationȱphaseȱ ofȱN60Ȭ80Eȱdirectionȱ refoldsȱ theȱ formerȱ andȱ theyȱ areȱ inȱ turn,ȱ
refoldedȱbyȱaȱthirdȱphaseȱofȱN120Eȱdirection.ȱȱ
Asȱ itȱ isȱ shownȱ inȱ theȱ figureȱ 5,ȱ theȱOMBȱhostsȱ abundantȱplutonicȱ rocksȱ ofȱ
differentȱ compositionsȱ andȱ ages.ȱ Particularlyȱwellȱ exposedȱ areȱ theȱ Precambrianȱ
Monesterioȱ granodioriteȱ (533±8ȱMaȱ toȱ 495±8ȱMa,ȱ Schäfer,ȱ 1990;ȱOrdoñezȬCasado,ȱ
1998;ȱ Ochner,ȱ 1990),ȱ theȱ preȬVariscanȱ Castilloȱ graniteȱ (502±5ȱ Maȱ toȱ 498±3ȱ Ma,ȱ
Ochner,ȱ 1990;ȱ Monero,ȱ 2000)ȱ andȱ Losȱ Remediosȱ andȱ Laȱ Berronaȱ leucogranitesȱ
(517±2ȱ Maȱ andȱ 520ȱ Ma,ȱ SánchezȬGarcía,ȱ 2008ȱ andȱ Carriedo,ȱ unpublishedȱ
respectively),ȱ andȱ theȱ Variscanȱ calcȬalcalineȱ plutonsȱ ofȱ theȱ Burguillosȱ delȱ Cerroȱ
(338±1.5ȱ Ma,ȱ ref.ȱ inȱ Casquetȱ atȱ al.,ȱ 2001),ȱ Valenciaȱ delȱ Ventosoȱ (339ȱMa,ȱ ref.ȱ inȱ
Salman,ȱ2002),ȱBrovalesȱ(340±7,ȱMonteroȱetȱal.,ȱ2000)ȱandȱtheȱSantaȱOlallaȱPlutonicȱ
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Complexȱ (341±3ȱandȱ347±5,ȱRomeoȱ etȱal.,ȱ2006bȱandȱOrdoñezȱCasadoȱ etȱal.,ȱ2008ȱ
respectively)ȱ(Fig.ȱ5).ȱȱ
Oneȱ ofȱ theȱ keyȱ metallogenicȱ featuresȱ ofȱ theȱ OMBȱ isȱ theȱ widespreadȱ
abundanceȱ ofȱ ironȱ oxideȱ deposits,ȱ withȱ bothȱ magnetiteȱ andȱ hematiteȱ locallyȱ
accompaniedȱbyȱsignificantȱamountsȱofȱCuȱandȱAu.ȱMostȱofȱthemȱareȱrelatedȱtoȱtheȱ
earlyȱCambrianȱandȱMidȱOrdovicianȱriftȱsequenceȱandȱareȱhostedȱbyȱcarbonaticȱandȱ
volcanicȱrocks.ȱ
ȱ
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Figureȱ5.ȱGeologicȱ mapȱ ofȱ theȱ OlivenzaȬMonesterioȱ Beltȱ showingȱ theȱ majorȱ
lithologicȱunitsȱandȱ igneousȱrocks,ȱmodifiedȱafterȱGarcíaȱ (2003).ȱBothȱ theȱ
ValuengoȱareaȱtoȱtheȱNWȱandȱtheȱSantaȱOlallaȱPlutonicȱComplexȱtoȱtheȱSEȱ
ofȱtheȱBeltȱ(blackȱrectangles)ȱareȱtheȱfocusȱofȱthisȱstudy.ȱReferencesȱforȱtheȱ
agesȱ ofȱ theȱ mainȱ intrusiveȱ rocks:ȱ 19,ȱ Schäferȱ (1990),ȱ OrdoñezȬCasadoȱ
(1998),ȱ Ochnerȱ (1990);ȱ 20,ȱ Ordoñezȱ (1998),ȱ Schäferȱ (1990);ȱ 25,ȱ Ochnerȱ
(1990),ȱ Monteroȱ etȱ al.ȱ (2000);ȱ 26,ȱ Salmanȱ (1999);ȱ 27,Ochnerȱ (1990);ȱ 28,ȱ
Ochnerȱ(1993);ȱ30,ȱOrdoñezȱ(1998);ȱ31,ȱMonteroȱetȱal.ȱ(2000);ȱ34,ȱSánchezȬ
Garcíaȱetȱal.ȱ (2008);ȱ35,ȱCarriedoȱ (Ph.D.ȱ inȱprep.);47,ȱDupontȱetȱal.ȱ (1981);ȱ
48,ȱMonteroȱetȱal.ȱ(2000);ȱȱ49,ȱDupontȱetȱal.ȱ(1981);ȱ50,ȱCasquetȱetȱal.ȱ(1998);ȱ
Monteroȱetȱal.ȱ(2000).ȱ
ȱ
Someȱofȱ theseȱdepositsȱareȱclearlyȱsyngeneticȱandȱhaveȱbeenȱ interpretedȱasȱ
exhalativeȱ stratiform,ȱdepositedȱ inȱ thirdȱ orderȱ oxicȱ basinsȱ coevalȱwithȱ volcanismȱ
andȱ relatedȱ subȬseafloorȱ replacementsȱ inȱ carbonaticȱ rocksȱ (Elȱ Soldado,ȱ Bilbaínia,ȱ
Bóvedaȱ andȱAlconchelȱ deposits).ȱHowever,ȱ otherȱ depositsȱ areȱ clearlyȱ epigeneticȱ
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(Tornosȱ etȱ al.,ȱ 2004;ȱ Sanabriaȱ etȱ al.,ȱ 2005)ȱ includingȱ classicȱ calcicȱ andȱmagnesialȱ
skarns,ȱshearȱzoneȬrelatedȱreplacementsȱ(Calaȱmine)ȱȱandȱIOCGȬlikeȱmineralizationȱ
(LaȱBerronaȱ andȱColmenarȱdeposits),ȱmostȱofȱ themȱbeingȱ closelyȱ associatedȱwithȱ
calcȬalkalineȱ intrusionsȱ and/orȱ albititeȱ (Tornosȱ etȱ al.,ȱ 2002,ȱ 2004;ȱ Tornosȱ andȱ
Casquet,ȱ 2005;ȱ Carriedoȱ andȱ Tornos,ȱ 2010).ȱ Twoȱ stylesȱ ofȱmineralizationȱ areȱ ofȱ
particularȱ interestȱ inȱ theȱ epigeneticȱ magnetiteȱ deposits:ȱ (1)ȱ AlbititeȬrelatedȱ
magnetiteȱ mineralizationȱ ofȱ bothȱ Cambrianȱ andȱ Variscanȱ agesȱ locatedȱ inȱ theȱ
Valuengoȱareaȱ(Berrona,ȱAlfredoȱandȱColmenarȱdeposits,ȱamongȱothers)ȱ(Carriedoȱ
etȱ al.,ȱ 2010)ȱ and,ȱ (2)ȱ Calcicȱ skarnȱ andȱ superimposedȱ shearȱ zoneȬrelatedȱ
replacementsȱ inȱ theȱ Calaȱmineȱ nearȱ theȱ Santaȱ Olallaȱ Plutonicȱ Complexȱ (SOPC)ȱ
(Velasco,ȱ1986;ȱVelascoȱandȱAmigó,ȱ1981).ȱOnȱ theȱotherȱhand,ȱ toȱ theȱSouthȱofȱ theȱ
Valuengoȱ area,ȱ theȱ SOPCȱ hostsȱ severalȱ oreȱ deposits,ȱ suchȱ asȱ theȱ SultanaȱCuȬAuȱ
veinfieldȱsystemȱ(discussedȱinȱtheȱChapterȱIIȱofȱthisȱthesis),ȱtheȱAguablancaȱNiȬȱ(Cu)ȱ
magmaticȱdepositȱ(Casquetȱetȱal.,ȱ2001;ȱTornosȱetȱal.,ȱ2001;ȱPiñaȱetȱal.,ȱ2006)ȱorȱtheȱ
magnetiteȬrichȱmagnesialȱskarnsȱofȱTeulerȱ(Velasco,ȱ1986).ȱȱ
Asȱitȱhasȱbeenȱpointedȱbefore,ȱtheȱchaptersȱIIȱandȱIIIȱofȱthisȱthesisȱareȱrelatedȱ
toȱ someȱmetallogenicȱproblemsȱ inȱ theȱSantaȱPlutonicȱComplexȱandȱ theȱValuengoȱ
area,ȱwhoseȱgeneralȱgeologicȱaspectsȱareȱdetailedȱinȱtheȱnextȱsection.ȱ
I.3.1.ȱTheȱValuengoȱComplexȱ
TheȱValuengoȱComplexȱ isȱ oneȱ ofȱ theȱ fewȱ areasȱ inȱ theȱOssaȱMorenaȱZoneȱ
whereȱhighȱgradeȱmetamorphicȱrocksȱcanȱbeȱfoundȱ(Fig.6).ȱItȱformsȱaȱNȬSȱelongatedȱ
ellipsoidalȱstructureȱofȱ7x4ȱkm2ȱwithȱhighȱgradeȱmetamorphicȱrocksȱinȱtheȱcoreȱ(theȱ
gneissicȬmigmatiticȱValuengoȱFormationȱofȱCoullautȱetȱal.,ȱ1981).ȱSurroundingȱtheseȱ
materialsȱthereȱareȱmetapeliticȱandȱmetavolcanicȱ(bothȱfelsicȱandȱmafic)ȱrocksȱwithȱ
miloniticȱfoliationȱandȱmiddleȱtoȱhighȱgradeȱmetamorphismȱthatȱareȱgroupedȱinȱtheȱ
LasȱMayorgasȱFormation.ȱTheseȱrocksȱareȱintercalatedȱbyȱaȱcarbonaticȱlevelȱ(theȱ“c”ȱ
level)ȱwhichȱ hostsȱ theȱmagnetiteȱ depositsȱ ofȱ theȱColmenarȬȱ SanȱGuillermoȬSantaȱ
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Justaȱgroupȱ (Apraizȱ andȱEguiluz,ȱ 1996;ȱTornosȱ etȱ al.,ȱ 2004;ȱ Sanabriaȱ etȱ al.,ȱ 2005).ȱ
Thisȱsuccessionȱisȱoverlainȱbyȱaȱvolcanosedimentaryȱcomplexȱ(probablyȱequivalentȱ
toȱ theȱ synȬCadomianȱ Malcocinadoȱ Formation,ȱ Apraiz,ȱ 1998;ȱ Expósito,ȱ 2000;ȱ
Expósitoȱetȱal.,ȱ2003,ȱFig.2)ȱwithȱmiloniticȱdeformationȱandȱ isȱ followedȱbyȱaȱ thickȱ
(11Ȭ150ȱm)ȱmarbleȱserieȱofȱlowȱmetamorphismȱatȱtheȱtop.ȱTheȱmetamorphismȱinȱtheȱ
coreȱproducesȱwidespreadȱanatexisȱofȱtheȱrocksȱandȱtheȱgradeȱdecreasesȱdrasticallyȱ
toȱtheȱeasternȱedgeȱofȱtheȱstructureȱwhereȱtheȱmetamorphismȱisȱofȱmediumȱtoȱlowȱ
grade.ȱ Thisȱ strongȱmetamorphicȱ gradientȱ isȱ associatedȱ toȱ anȱ extensionalȱ steeplyȱ
dippingȱductileȱshearȱzoneȱwhichȱ isȱpartȱofȱtheȱMonesterioȱShearȱZoneȱandȱwhichȱ
hasȱ beenȱ clearlyȱ observedȱ inȱ severalȱ openȱ pitsȱ ofȱ theȱwesternȱ partȱ ofȱ theȱ domeȱ
(Apraizȱ andȱ Eguíluz,ȱ 1996;ȱ Expósito,ȱ 2000;ȱ Expósitoȱ etȱ al.,ȱ 2003).ȱ Followingȱ thisȱ
structureȱtoȱtheȱsouth,ȱtheȱMonesterioȱmetamorphicȱcomplexȱȱandȱtheȱLoraȱdelȱRíoȱ
coreȱ complexȱ (Apraizȱ etȱal.,ȱ1993;ȱApraizȱ ȱ andȱEguiluz,ȱ2002;ȱPereiraȱ etȱal.,ȱ2009)ȱ
shareȱmanyȱofȱtheȱfeaturesȱofȱtheȱValuengoȱDome.ȱ
Oneȱbigȱcontroversyȱ inȱ theȱValuengoȱDomeȱ isȱ thatȱ ifȱ theȱmetamorphismȱ isȱ
preȬVariscanȱ orȱ coetaneousȱwithȱ theȱVariscanȱ deformation.ȱ Someȱ interpretationsȱ
considerȱthisȱHT/LPȱmetamorphismȱasȱtheȱresultȱofȱcrustalȱthickeningȱandȱcollapseȱ
duringȱ theȱ secondȱdeformationȱphaseȱ ofȱ theȱVariscanȱ orogenyȱ (Ábalosȱ andȱDíazȱ
Cusí,ȱ1995;ȱApraizȱandȱEguíluz,ȱ1996;ȱApraiz,ȱ1998).ȱTheyȱareȱbasedȱonȱstructuralȱ
criteriaȱas,ȱforȱexample,ȱtheȱpresenceȱofȱneosomesȱshowingȱoneȱphaseȱofȱpenetrativeȱ
deformation.ȱ Recentȱ radiogenicȱ isotopeȱ andȱ geochronologicalȱ dataȱ ofȱ Carriedoȱ
(Ph.D.,ȱinȱprep.)ȱhasȱdatedȱasȱVariscanȱsomeȱdykesȱofȱalbititeȱwithinȱtheȱshearȱzoneȱ
suggestingȱthatȱtheȱageȱofȱtheȱalbitite,ȱtheȱrelatedȱmineralizationȱandȱtheȱformationȱ
ofȱtheȱValuengoȱDomeȱComplexȱisȱVariscan,ȱca.ȱ340ȱMa.ȱTheȱLoraȱdelȱRíoȱComplex,ȱ
toȱ theȱ southȱ ofȱValuengoȱ andȱMonesterioȱ areasȱ hasȱ beenȱ alsoȱ interpretedȱ asȱ anȱ
extensionalȱ coreȱ complexȱ structureȱ datedȱ atȱ 340ȱMaȱ (Apraizȱ andȱ Eguíluz,ȱ 2002)ȱ
supportingȱ theȱVariscanȱ ageȱ forȱ theȱ formationȱ ofȱ theseȱ highȱmetamorphicȱ gradeȱ
domes.ȱȱ
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Otherȱ interpretationsȱ suggestȱ thatȱ theȱ metamorphismȱ isȱ preȬVariscanȱ
(Expósitoȱetȱal.,ȱ2003;ȱAzorȱetȱal.,ȱ2004;ȱSánchezȬGarcíaȱetȱal.,ȱ2003,ȱ2008,ȱ2010)ȱsinceȱ
theȱmiloniticȱfoliationȱrelatedȱtoȱtheȱshearȱzoneȱisȱfoldedȱbyȱtheȱVariscanȱrecumbentȱ
folds.ȱ Expósitoȱ etȱ al.ȱ (2003)ȱ haveȱ datedȱ bothȱ anȱ orthogneissȱ andȱ undeformedȱ
micrograniteȱ inȱ theȱValuengoȱDome,ȱ obtainingȱ agesȱ ofȱ 532±5ȱMaȱ andȱ 480±7ȱMa,ȱ
respectively.ȱInȱaddition,ȱtheȱMonesterioȱComplexȱsharesȱmanyȱstructuralȱfeaturesȱ
ofȱValuengo,ȱsinceȱhighȱgradeȱmetamorphicȱrocksȱoutcropȱenclosedȱbyȱbranchȱlinesȱ
ofȱtheȱsameȱVariscanȱthrustȬsystem.ȱDespiteȱtheȱgeochronologicalȱdataȱareȱnotȱveryȱ
precise,ȱtheȱagesȱforȱtheȱMonesterioȱmetamorphicȱdomeȱrangeȱalsoȱbetweenȱ530ȱandȱ
500ȱMaȱ(Schäfer,ȱ1990;ȱOchner,ȱ1993;ȱOrdoñezȱCasado,ȱ1998;ȱMonteroȱetȱal.,ȱ1999).ȱ
Theseȱ dataȱ supportȱ theȱ connectionȱ ofȱ theȱ metamorphismȱ ofȱ theȱ Valuengoȱ andȱ
MonesterioȱcomplexesȱwithȱtheȱpreȬVariscanȱriftingȱstageȱthatȱoccurredȱinȱtheȱOMZȱ
duringȱtheȱCambrianȬOrdovicianȱ(Expósitoȱetȱal.,ȱ2003).ȱȱ
TheȱalbititeȱintrusiveȱbodiesȱboundingȱtheȱeastȱofȱtheȱValuengoȱComplexȱareȱ
describedȱinȱdetailȱinȱtheȱChapterȱIIIȱofȱthisȱthesis.ȱThereȱareȱupȱtoȱsixȱlargeȱintrusiveȱ
albititicȱbodies,ȱsomeȱofȱthemȱcoveringȱmoreȱthanȱ4ȱkm2ȱofȱsurfaceȱ(Fig.ȱ6)ȱ(IGME,ȱ
1972).ȱTheyȱhaveȱassociatedȱlargeȱbutȱbarrenȱcalcicȱskarnsȱwithȱabundantȱgrandite,ȱ
clinopyroxeneȱ andȱ scapolite,ȱ asȱwellȱ asȱ someȱmagnetiteȱmineralizationȱ relatedȱ toȱ
clinoamphiboleȱ richȱ retrogradeȱ skarnȱ (Carriedoȱ andȱ Tornos,ȱ 2010).ȱ Thereȱ isȱ aȱ
secondȱ styleȱ ofȱ magnetiteȱ mineralizationȱ thatȱ replacedȱ calcsilicateȱ andȱ peliticȱ
hornfelsȱ andȱ marbleȱ ofȱ theȱ Malcocinadoȱ Formationȱ andȱ theȱ Earlyȱ Cambrianȱ
sequence,ȱ showingȱ featuresȱ ofȱ theȱ IOCGȱ styleȱ ofȱ mineralizationȱ (Carriedoȱ andȱ
Tornos,ȱ 2010).ȱ Theȱ Laȱ Berronaȱ magnetiteȱ depositȱ associatedȱ toȱ theȱ Laȱ Berronaȱ
albititeȱcomprisesȱoneȱexampleȱofȱthisȱstyleȱofȱmineralizationȱandȱisȱdescribedȱandȱ
interpretedȱ inȱ theȱ Chapterȱ IIIȱ ofȱ thisȱ thesis.ȱ Theȱ metallogenicȱ scenarioȱ isȱ
complicatedȱbyȱtheȱpresenceȱofȱabundantȱstratiformȱmagnetiteȬrichȱlensesȱofȱlikelyȱ
exhalativeȱoriginȱthatȱareȱhostedȱbyȱtheȱsameȱsequenceȱ(Dupont,ȱ1979;ȱTornosȱetȱal,ȱ
2004;ȱSanabriaȱetȱal.,ȱ2005;ȱCarriedoȱandȱTornos,ȱ2010).ȱȱ
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Theȱ westernȱ contactȱ ofȱ theȱ Valuengoȱ domeȱ isȱ boundedȱ byȱ theȱ Brovalesȱ
Pluton,ȱaȱ typicalȱcalcȬalkalineȱ intrusionȱofȱVariscanȱageȱ (340±7ȱMa;ȱMonteroȱetȱal.,ȱ
2000)ȱ thatȱhasȱproducedȱ someȱ calcicȱ skarnȱonȱ theȱCambrianȱ limestoneȱ (e.g.ȱSantaȱ
Bárbaraȱmine;ȱTornosȱetȱal.,ȱ2004).ȱ
I.3.2.ȱTheȱSantaȱOlallaȱPlutonicȱComplexȱ
TheȱSantaȱOlallaȱPlutonicȱComplexȱ(SOPC)ȱisȱaȱcalcȬalkalineȱVariscanȱplutonȱ
datedȱatȱ354±17ȱ(Casquetȱetȱal.,ȱ1998),ȱ332±3ȱ(Monteroȱetȱal.,ȱ2000)ȱandȱ341.5±3ȱMaȱ
(Romeoȱetȱal.,ȱ2006),ȱ thatȱ isȱ locatedȱ inȱ theȱsouthernmostȱOMBȱ (Figs.ȱ5ȱandȱ7).ȱTheȱ
complexȱ isȱ limitedȱbyȱ theȱZufreȱandȱChernecaȱ faults,ȱ theȱ formerȱboundingȱ toȱ theȱ
southȱofȱtheȱOssaȱMorenaȱZone.ȱItȱintrudedȱtwoȱdifferentȱstratigraphicȱunits:ȱblackȱ
shaleȱandȱmetagreywackeȱwithȱthinȱintercalationsȱofȱmetaȬvolcanicȱrocksȱandȱblackȱ
quartziteȱofȱNeoproterozoicȱageȱ (SerieȱNegraȱUnit)ȱ toȱ theȱNorth,ȱandȱ theȱEarlyȱ toȱ
MidȱCambrianȱsequenceȱwithȱmarbleȱandȱshaleȱoverlainȱbyȱporphyriticȱrhyoliteȱandȱ
metabasiteȱ toȱ theȱ South.ȱ Theȱ intrusionȱ isȱ elongatedȱ inȱ shapeȱwithȱ aȱWNWȬESEȱ
trend,ȱcoversȱanȱareaȱofȱaroundȱ30ȱkm2ȱandȱwhenȱlimestoneȱisȱpresent,ȱisȱborderedȱ
byȱskarnȱdominatedȱbyȱgarnetite.ȱInȱthisȱarea,ȱtheȱregionalȱmetamorphismȱisȱofȱveryȱ
lowȱ toȱ lowȱ gradeȱ andȱ isȱ superimposedȱ byȱ aȱ wellȬdefinedȱ intenseȱ contactȱ
metamorphismȱgradingȱfromȱgreenschistȱtoȱamphiboliteȱfacies.ȱCasquetȱ(1980)ȱhasȱ
proposedȱaȱmaximumȱtemperatureȱforȱtheȱcontactȱmetamorphismȱofȱ700ºȱtoȱ925ȱºCȱ
andȱaȱfluidȱpressureȱfromȱ0.5ȱtoȱ1ȱkbar.ȱTheȱSOPCȱisȱinterpretedȱasȱhavingȱaȱreverseȱ
compositionalȱ zonationȱwithȱ quartzȱ dioriteȱ gradingȱ toȱ tonaliteȱ inȱ theȱ centerȱ andȱ
monzograniteȱinȱtheȱsouth.ȱ
ȱThreeȱ importantȱ oreȱ depositsȱ areȱ knownȱ inȱ theȱ vicinityȱ ofȱ theȱ SOPC:ȱ theȱ
AguablancaȱmagmaticȱNiȬCuȱdeposit,ȱtheȱCalaȱmagnetiteȱ–ȱ(CuȱȬȱAu)ȱskarnȱIOCG?Ȭ
likeȱ depositȱ (Appendixȱ IA)ȱ andȱ theȱ Sultanaȱ (California,ȱ Extremeña)ȱ copperȬgoldȱ
veinfieldȱ(ChapterȱII).ȱ
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ȱFigureȱ7.ȱGeologyȱofȱtheȱSantaȱOlallaȱPlutonicȱComplex.ȱModifiedȱafterȱApalateguiȱ
etȱal.ȱ(1980).ȱ
I.4.ȱTheȱmagnetiteȱ –ȱ (CuȬAu)ȱmineralizationȱofȱ theȱOMZ:ȱ aȱ
controversialȱoriginȱ
Theȱoriginȱofȱ theȱmagnetiteȱ–ȱ (CuȬAu)ȱmineralizationȱ inȱ theȱOMZȱhasȱbeenȱ
controversialȱ forȱ aȱ longȱ time.ȱ Theȱ coexistenceȱ ofȱ bothȱ exhalativeȱ andȱ intrusionȬ
relatedȱFeȱoxideȱmineralizationȱinȱtheȱsameȱzoneȱandȱhostedȱbyȱtheȱsameȱlithologiesȱ
(theȱ limestoneȱ andȱ relatedȱ calcsilicateȱ hornfelsȱ andȱ volcanicȱ rocksȱ ofȱ Lateȱ
Universidad Internacional de Andalucía, 2013 (Lectura en 2012)
ChapterI:RegionalgeologyandmetallogenyoftheOMZ
 
28
ProterozoicȱandȱEarlyȱCambrianȱage)ȱhasȱpromotedȱtheȱdiscussionȱaboutȱifȱtheȱlateȱ
onesȱ areȱ justȱ aȱ metamorphosedȱ stratiformȱ mineralization,ȱ anȱ hydrothermalȱ
remobilizationȱofȱtheȱpreviousȱoresȱorȱaȱnewȱmineralizationȱrelatedȱtoȱtheȱ igneousȱ
rocks.ȱ Thus,ȱ oneȱ ofȱ theȱ mainȱ questionsȱ toȱ resolveȱ isȱ ifȱ theȱ intrusionȬrelatedȱ
mineralizationȱ isȱproductȱofȱ theȱassimilationȱofȱpreviouslyȱmineralizedȱexhalativeȱ
rocksȱandȱfurtherȱreleaseȱofȱironȬrichȱmagmaticȱhydrothermalȱfluidsȱorȱifȱtheyȱformȱ
partȱ ofȱ superimposedȱ independentȱ mineralizingȱ processesȱ thatȱ areȱ geneticallyȱ
unrelatedȱ (Doetsch,ȱ 1967;ȱ Doetschȱ etȱ al.,ȱ 1973;ȱ Ruizȱ García,ȱ 1974;ȱ Vazquezȱ andȱ
FernandezȱPompa,ȱ 1976;ȱVelasco,ȱ 1976;ȱDupont,ȱ 1979;ȱCasquetȱ andȱTornos,ȱ 1991;ȱ
Tornosȱetȱal.,ȱ2002,ȱ2004;ȱCarriedoȱandȱTornos,ȱ2010).ȱȱ
RecentȱdataȱsuggestȱthatȱtheȱmagnetiteȱdepositsȱofȱtheȱValuengoȱdomeȱshareȱ
manyȱ similaritiesȱwithȱ theȱ IOCGȱ (IronȱOxideȱCopperȬGold,ȱHitzmanȱ etȱ al.,ȱ 1992,ȱ
2000;ȱWilliamsȱetȱal.,ȱ2005)ȱstyleȱofȱmineralizationȱ (Tornosȱetȱal.,ȱ2003;ȱTornosȱandȱ
Casquet,ȱ2005;ȱCarriedoȱandȱTornos,ȱ2010).ȱTheyȱareȱprincipallyȱconcentratedȱinȱtheȱ
OlivenzaȬMonesterioȱBeltȱ (Colmenar,ȱAlfredo,ȱLaȱValera,ȱLaȱBerrona,ȱElȱ Soldadoȱ
andȱMonchi)ȱandȱmostȱofȱthemȱareȱassociatedȱtoȱalbititeȱgranites.ȱTheseȱdepositsȱareȱ
dominatedȱbyȱmagnetiteȱ(±ȱhematite),ȱcopperȱsulfidesȱandȱsomeȱgoldȱwithȱvariableȱ
amountsȱofȱCo,ȱNiȱandȱAs.ȱCommonȱcharacteristicsȱofȱ theȱ IOCGȱdepositsȱ includeȱ
theȱabundanceȱofȱironȱoxidesȱ(>10%)ȱwithȱmoderateȱtoȱlowȱcontentsȱofȱsulfidesȱandȱ
quartz,ȱtheȱassociationȱwithȱshearȱzonesȱorȱcrustalȱscaleȱstructures,ȱtheȱhighȱREEȬUȱ
concentrationsȱ andȱ especiallyȱ theȱ intenseȱ alkaliȬcalcicȱ alteration,ȱ withȱ aȱ
characteristicȱassemblageȱ includingȱKȱ feldsparȱorȱalbiteȱandȱactinoliteȱorȱdiopsideȱ
withȱminorȱamountsȱofȱscapoliteȱandȱbiotiteȱ (Hitzmanȱetȱal.,ȱ1992;ȱWilliamsȱetȱal.,ȱ
2005).ȱOneȱofȱtheȱimportantȱcharacteristicsȱofȱtheȱIOCGȱdepositsȱofȱtheȱOMZȱisȱtheirȱ
polyphaseȱ characterȱasȱ theyȱ seemȱ toȱhaveȱ formedȱbyȱ similarȱgeologicalȱprocessesȱ
thatȱ tookȱplaceȱduringȱdifferentȱmetallogenicȱ events,ȱbothȱ theȱCadomianȱ andȱ theȱ
Variscanȱorogenies,ȱ(530Ȭ520ȱMaȱandȱ340ȱMa,ȱCarriedoȱetȱal.ȱ2010).ȱHowever,ȱthereȱ
isȱstillȱanȱopenȱdebateȱaboutȱtheȱoriginȱofȱsomeȱofȱtheseȱdeposits.ȱAnȱexampleȱisȱtheȱ
Calaȱmine,ȱwhereȱtheȱdiscussionȱaboutȱtheȱexistenceȱofȱoneȱ(skarn)ȱorȱtwoȱ(skarnȱ+ȱ
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IOCG)ȱtypesȱofȱmagnetiteȱmineralizationȱisȱstillȱintenseȱandȱcontroversialȱ(Carriedoȱ
etȱ al.,ȱ 2008,ȱ 2000;ȱCarriedoȱ andȱTornos,ȱ 2010).ȱAnotherȱ exampleȱ isȱ theȱLaȱValeraȱ
depositȱwhichȱ showsȱ anȱ structureȱ resemblingȱ columnarȱ jointingȱ inȱ theȱmagnetiteȱ
oreȱthatȱsuggestȱaȱmagmaticȱoriginȱforȱitȱ(CarriedoȱandȱTornos,ȱ2010).ȱ
Asȱ itȱ isȱdiscussedȱ inȱ theȱChapterȱ IIIȱofȱ thisȱ thesis,ȱ theȱunderstandingȱofȱ theȱ
originȱandȱgenesisȱofȱtheȱalbititeȱofȱtheȱValuengoȱareaȱhasȱmajorȱimplicationsȱforȱourȱ
knowledgeȱonȱ theȱ formationȱofȱ theȱmagnetiteȱdepositsȱnearby.ȱ Itȱ isȱ likelyȱ thatȱ theȱ
albititeȱ couldȱwellȱ beȱ theȱ sourceȱ forȱ theȱ ironȱ bothȱ inȱ theȱ hydrothermalȱ (e.g.ȱ Laȱ
Berronaȱdeposit)ȱandȱinȱtheȱmagmaticȱ(e.g.ȱLaȱValeraȱdeposit)ȱmagnetiteȱorebodiesȱ
inȱtheȱarea.ȱIfȱtrue,ȱtheȱmodelȱproposedȱinȱtheȱChapterȱIIIȱcontributesȱtoȱtheȱalreadyȱ
longȱlistȱofȱoriginsȱofȱtheȱIOCGȱdepositsȱworldwide.ȱ
I.5.ȱ Theȱ “Iberianȱ Reflectiveȱ Body”:ȱ aȱ linkȱ betweenȱ theȱ
Variscanȱmagmatismȱandȱtheȱmineralizationȱ
Betweenȱ2002ȱandȱ2003,ȱaȱ seismicȱ reflectionȱprofileȱ (IBERSEIS,ȱSimancasȱ etȱ
al.,ȱ2003;ȱCarbonellȱetȱal.,ȱ2004)ȱrevealedȱanȱ imageȱofȱ theȱhiddenȱcrustȱ inȱ theȱOssaȱ
MorenaȱZoneȱ(Fig.ȱ8).ȱ15Ȭ20ȱkmȱbelowȱtheȱcurrentȱsurface,ȱthereȱisȱaȱhighȱamplitudeȱ
reflectiveȱ140ȱkmȱlongȱandȱ4ȱkmȱthickȱbandȱcalledȱtheȱ“IberianȱReflectiveȱBody”ȱ(IRB).ȱ
Thisȱbodyȱhasȱbeenȱ interpretedȱasȱ largeȱbutȱdiscontinuousȱ intrusiveȱsillȬlikeȱseriesȱ
ofȱmaficȱintrusionsȱemplacedȱwithinȱtheȱmidȬupperȱcrustȱboundaryȱ(Fig.ȱ8B).ȱMoreȱ
recentȱgeophysicalȱdataȱalsoȱreportȱaȱhighȱvelocityȱzoneȱinȱtheȱrefractionȱmodelingȱ
andȱconcludeȱ thatȱ theȱcrustȱ inȱ theȱOMZȱ isȱ laterallyȱvariableȱandȱ thatȱ theȱmodeledȱ
highȱvelocitiesȱareȱconsistentȱwithȱtheȱexistenceȱofȱmantleȬderivedȱrocksȱ(Palomerasȱ
etȱal.,ȱ2009,ȱ2011).ȱ
TornosȱandȱCasquetȱ(2005)ȱhaveȱsuggestedȱthatȱtheȱintrusionȱofȱsuchȱaȱlargeȱ
stratiformȱ magmaticȱ complex,ȱ probablyȱ oneȱ ofȱ theȱ largestȱ detectedȱ onȱ earth,ȱ
inducedȱ lowȱ pressureȬhighȱ temperatureȱ metamorphismȱ andȱ dewateringȱ ofȱ theȱ
hostingȱ lowȱ gradeȱ crustalȱ metamorphicȱ rocks,ȱ asȱ wellȱ asȱ localȱ partialȱ meltingȱ
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synchronousȱwithȱ extensiveȱ crustalȱ contaminationȱ ofȱ theȱ juvenileȱmelts.ȱ Suchȱ aȱ
maficȱintrusionȱhasȱmajorȱimplicationsȱonȱtheȱgenesisȱofȱtheȱoreȱdepositsȱofȱtheȱareaȱ
andȱexplainsȱ theȱunusualȱVariscanȱmetallogenesisȱofȱtheȱOMZ.ȱInȱ fact,ȱ itȱhasȱbeenȱ
proposedȱthatȱtheȱIRBȱisȱtheȱsourceȱofȱmagmasȱandȱfluidsȱrepresentingȱtheȱultimateȱ
controlȱ onȱ theȱ formationȱ ofȱ theȱ Variscanȱ Feȱ oxide,ȱ CuȬAuȱ andȱ Niȱ Ȭȱ Cuȱ
mineralizationȱ(TornosȱandȱCasquet,ȱ2005).ȱ
ȱ
.ȱ
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Figureȱ8.ȱ(A)ȱLocationȱmapȱofȱtheȱtransectsȱofȱtheȱIBERSEISȱdeepȱreflectionȱseismicȱ
profileȱ (modifiedȱ afterȱ Palomerasȱ etȱ al.,ȱ 2009).ȱ (B)ȱ Interpretationȱ ofȱ theȱ
IBERSEISȱ profileȱ inȱ theȱOssaȱMorenaȱ Zoneȱ (OMZ)ȱ andȱ northernȱ Southȱ
Portugueseȱ Zoneȱ (SPZ)ȱ crossectionȱ (fromȱ Simancasȱ etȱ al.,ȱ 2003).ȱ
Abbreviations:ȱIRB,ȱIberianȱReflectiveȱBody;ȱCIZ:ȱCentralȱIberianȱZone.ȱȱ
I.6.ȱMiningȱhistoryȱ
Despiteȱ theȱproximityȱ toȱ theȱworldȱ classȱdistrictȱ ofȱ theȱ IberianȱPyriteȱBelt,ȱ
whichȱprobablyȱputȱinȱtheȱshadeȱtheȱminingȱinȱtheȱOlivenzaȬMonesterioȱBelt,ȱsomeȱ
oreȱdepositsȱinȱtheȱSouthwestȱofȱSpainȱhaveȱbeenȱimportantȱmetalȱproducersȱinȱtheȱ
pastȱcentury.ȱ
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TheȱfirstȱevidencesȱofȱminingȱinȱtheȱOMBȱcomeȱfromȱtheȱ2000ȱyearȱBC,ȱwhenȱ
theȱ Iberianȱ culturesȱ (Celtics?)ȱworkedȱ someȱ copperȱ andȱ silverȱ veinsȱ inȱ theȱ areaȱ
(Tornosȱ etȱ al.,ȱ 2004).ȱMoreȱ clearȱ evidencesȱ ofȱ historicalȱminingȱ deriveȱ fromȱ theȱ
RomansȱwhoȱintenselyȱexploitedȱPb,ȱZn,ȱCuȱandȱAuȱmetalsȱinȱveinsȱsuchȱasȱSultanaȱ
orȱAbundanciaȱandȱtheȱCuȱ(andȱgold?)ȱinȱtheȱgossanȱfromȱtheȱCalaȱmine.ȱAfterȱtheȱ
Romanȱperiod,ȱlittleȱevidenceȱofȱextensiveȱminingȱexists,ȱexceptȱinȱtheȱ16thȱcentury,ȱ
whenȱsomeȱPbȱandȱCuȱveinsȱwereȱworkedȱ(Tornosȱetȱal.,ȱ2004).ȱ
TheȱmodernȱminingȱindustryȱemergedȱduringȱtheȱFirstȱWorldȱWarȱwithȱtheȱ
exploitationȱofȱmagnetiteȱ inȱ theȱSanȱGuillermoȬColmenarȬSantaȱ JustaȱgroupȱofȱFeȬ
oxideȱ mines,ȱ throughȱ smallȱ openȱ pitsȱ andȱ fewȱ undergroundȱ galleries.ȱ Inȱ 1956ȱ
“MineraȱdelȱAndévalo,ȱS.A.”ȱstartedȱexploitingȱ thisȱgroupȱofȱminesȱasȱwellȱasȱ theȱ
ironȱ andȱ theȱ copperȱ fromȱ theȱCalaȱmineȱ atȱ theȱ SEȱ (IGME,ȱ 1980,ȱVázquez,ȱ 1983).ȱ
Otherȱ strataboundȱmagnetiteȬhematiteȱ depositsȱ suchȱ asȱ Bismark,ȱAuroraȱ andȱ Elȱ
SoldadoȱwereȱalsoȱexploitedȱforȱironȱduringȱtheȱWW1ȱandȱlaterȱonȱuntilȱtheȱfifties.ȱ
TheȱCalaȱMineȱhasȱremainedȱinȱoperationȱuntilȱ2010,ȱtheȱlastȱyearsȱbyȱPRESURȱSA.ȱ
Allȱ theȱ concentrateȱ derivedȱ fromȱ theseȱ minesȱ wasȱ transportedȱ byȱ trainȱ toȱ theȱ
RiotintoȱsmelterȱinȱHuelva.ȱȱ
Currently,ȱ onlyȱ theȱ Aguablancaȱ mineȱ isȱ onȱ productionȱ exploitingȱ NiȬCuȱ
sulfides,ȱ thoughȱ atȱ presentȱ dayȱ (2012)ȱ itȱ isȱmomentarilyȱ closedȱ forȱmaintenanceȱ
reasons.ȱNoȱotherȱminesȱinȱtheȱareaȱareȱopenȱatȱtheȱmoment.ȱ
Onȱ respectȱ toȱ theȱ future,ȱnewȱexplorationȱcampaignsȱareȱdevelopingȱ inȱ theȱ
OMBȱinȱtheȱlightȱofȱtheȱactualȱhighȱprizeȱofȱmetals.ȱTheȱexplorationȱisȱmainlyȱbasedȱ
onȱaȱreserveȱreevaluationȱofȱoldȱdepositsȱthatȱwereȱexploitedȱforȱotherȱcommoditiesȱ
likeȱiron,ȱbutȱthatȱcontainȱreasonableȱgradesȱinȱcopperȱandȱgold.ȱ
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Chapterȱ II:ȱ Fluidȱ inclusionȱ evidenceȱ forȱ magmaticȬ
hydrothermalȱfluidȱevolutionȱinȱtheȱintrusionȬrelatedȱ
copperȬgoldȱSultanaȱveinȱdepositȱatȱHuelva,ȱSpainȱ
Abstractȱȱ
Theȱ copperȬgoldȬbearingȱ Sultanaȱ quartzȬankeriteȱ veinȱ systemȱ inȱHuelvaȱ (SWȱ ofȱ
Spain)ȱ isȱ relatedȱ toȱ theȱ SantaȱOlallaȱPlutonicȱComplexȱ (SOPC)ȱwhichȱ emplacementȱ isȱ
datedȱ atȱ ca.ȱ341ȱMa,ȱduringȱ theȱVariscanȱ orogeny.ȱTheȱmineralizationȱ isȱhostedȱ byȱ theȱ
tonaliteȱ ofȱ theȱ SOPCȱ asȱ wellȱ asȱ byȱ blackȱ shaleȱ andȱ volcanosedimentaryȱ rocksȱ ofȱ Lateȱ
Neoproterozoicȱ ageȱ andȱ Earlyȱ Cambrianȱ calcsilicateȱ hornfelsȱ thatȱ wereȱ affectedȱ byȱ anȱ
intenseȱ contactȱ metamorphism.ȱ Combinedȱ techniquesȱ includingȱ detailedȱ fluidȱ inclusionȱ
petrography,ȱ scanningȱ electronȱ microscopeȬcathodoluminescenceȱ imagingȱ (SEMȬCL),ȱ
microthermometry,ȱRamanȱ spectroscopyȱ analysisȱ andȱ laserȱ ablationȬinductivelyȱ coupledȱ
plasmaȱmassȱspectroscopyȱ(LAȬICPMS)ȱanalysesȱareȱappliedȱ inȱ thisȱstudyȱ toȱreconstructȱ
theȱphysicalȱandȱchemicalȱevolutionȱofȱtheȱhydrothermalȱfluidsȱinȱtheȱSultanaȱsystem.ȱTheȱ
studyȱ showsȱ thatȱ theȱ firstȱ recordedȱ fluidȱ circulatingȱ throughȱ theȱveinȱ systemȱwasȱaȱ lowȱ
salineȱ(<4ȱtoȱ15ȱwtȱ%ȱNaClȱeq;ȱaverageȱofȱ5ȱwtȱ%ȱNaClȱeq.),ȱCO2Ȭbearingȱ(10.4ȱmolȱ%)ȱ
intermediateȱdensityȱfluidȱwithȱhighȱoreȬmetalȱconcentrationȱ(>537ȱΐg/gȱCu,ȱ>539ȱSȱΐg/g)ȱ
thatȱwasȱtrappedȱatȱestimatedȱfluidȱpressuresȱofȱ~800ȱbarȱandȱ>420ºC.ȱWhenȱthisȱfluidȱroseȱ
orȱ theȱ fluidȱpressureȱ evolvedȱ fromȱ lithostaticȱ toȱhydrostaticȱ conditions,ȱphaseȱ separationȱ
occurredȱ byȱ condensationȱ ofȱminorȱ brineȱ (~ȱ40ȱwtȱ%ȱNaClȱ eq.)ȱ andȱ aȱ lowȱ salineȱvaporȱ
phaseȱ (~ȱ2.4ȱwtȱ%ȱNaClȱ eq.)ȱatȱ~ȱ350ȱ ºCȱandȱ100ȱ Ȭȱ300ȱbar,ȱbothȱ carryingȱmostȱofȱ theȱ
copperȱ andȱ possiblyȱ goldȱ (335ȱ ±ȱ 123ȱ ΐg/gȱ Cu,ȱ 9.5ȱ ±ȱ 6.6ȱ ΐg/gȱ Au)ȱ intoȱ theȱ system.ȱ
Coincidingȱwithȱtheȱdissolutionȱofȱanȱearlyȱgenerationȱofȱquartzȱ(Q1)ȱdueȱtoȱitsȱretrogradeȱ
solubilityȱ inȱ aȱ coolingȱ system,ȱ bothȱ theȱ dropȱ inȱ temperatureȱ andȱ boilingȱ triggeredȱ theȱ
precipitationȱofȱchalcopyriteȱintoȱopenȱspacesȱbeforeȱorȱtogetherȱwithȱtheȱprecipitationȱofȱaȱ
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lateȱgenerationȱofȱquartzȱ(Q2).Consequently,ȱCuȱconcentrationȱdropsȱfromȱ700ȱΐg/gȱtoȱlessȱ
thanȱ 0.1ȱ ΐg/gȱ inȱ lateȱ secondaryȱ liquidȱ carbonicȱ fluidȱ inclusionsȱwithoutȱ aȱ proportionalȱ
decreaseȱ inȱ theȱ restȱ ofȱ elements.ȱ Goldȱ wasȱ laterȱ depositedȱ inȱ theȱ fracturesȱ ofȱ theȱ
chalcopyrite,ȱprobablyȱdueȱtoȱtheȱexcessȱofȱsulfurȱ inȱtheȱvaporȱphaseȱthatȱcouldȱtransportȱ
goldȱ afterȱ theȱCuȱprecipitation.ȱTheȱSultanaȱveinȱ systemȱ sharesȱmanyȱ featuresȱwithȱ theȱ
intrusionȬrelatedȱ CuȬAuȱ depositsȱ butȱ showsȱ aȱ largeȱ affinityȱ toȱ theȱ CuȬAuȱ porphyryȱ
systemsȱonȱrespectȱtoȱtheȱoreȬformingȱfluidȱconditionsȱandȱmetalȱcontent.ȱ
II.1.ȱIntroductionȱ
Inȱrecentȱyearsȱtheȱcombinationȱofȱconventionalȱfluidȱinclusionȱstudiesȱwithȱ
SEMȬCathodoluminescenceȱ imagesȱ andȱ LAȬICPMSȱ (laserȱ ablation–inductivelyȱ
coupledȱ plasmaȱ massȱ spectrometry)ȱ analysisȱ inȱ singleȱ fluidȱ inclusionsȱ haveȱ
significantlyȱ increasedȱ theȱ knowledgeȱ ofȱ theȱ fluidȱ phaseȱ relationshipsȱ andȱ theȱ
mechanismsȱofȱoreȬmetalȱtransportȱandȱprecipitationȱinȱhydrothermalȱsystems.ȱOneȱ
ofȱ theȱmostȱ importantȱdiscoveriesȱ isȱ thatȱ theȱ lowȬintermediateȱdensityȱ fluidsȱ canȱ
transportȱ highȱ concentrationsȱ ofȱ Cu,ȱ Asȱ andȱ Auȱ andȱ followȱ differentȱ pressureȬ
temperatureȱpathsȱdependingȱonȱtheȱphysicochemicalȱenvironmentȱ(Heinrich,ȱ2005;ȱ
WilliamsȬJonesȱ andȱ Heinrich,ȱ 2005).ȱ Precipitationȱ ofȱ metalsȱ fromȱ theȱ fluidsȱ isȱ
triggeredȱbyȱprocessesȱlikeȱcoolingȱand/orȱdecompressionȱ(LowellȱandȱGilbert,ȱ1970;ȱ
Ulrichȱ etȱ al.,ȱ 2002),ȱ fluidȱ phaseȱ separationȱ (Burnham,ȱ 1980;ȱ Sewardȱ andȱ Barnes,ȱ
1997;ȱ Heinrich,ȱ 2007),ȱ reactionȱ withȱ theȱ hostȱ rockȱ (Gustafsonȱ andȱ Hunt,ȱ 1975;ȱ
Hedenquistȱetȱal.,ȱ1998)ȱand/orȱfluidȱinteractionȱwithȱexternalȱfluidsȱofȱmetamorphicȱ
orȱ surficialȱderivationȱ (ReynoldsȱandȱBeane,ȱ1985;ȱHeinrich,ȱ2007;ȱAudétat,ȱ2008).ȱȱ
Theseȱ comprehensiveȱ studiesȱhaveȱbeenȱ commonlyȱ carriedȱoutȱ inȱdepositsȱwhereȱ
theȱdeformationȱisȱnotȱsignificantȱandȱisȱthusȱeasyȱtoȱdifferentiateȱbetweenȱzonesȱofȱ
mineralizationȱandȱalterationȱandȱ clearȱ fluidȱ inclusionȱ typesȱ canȱbeȱdistinguishedȱ
(e.g.ȱBinghamȱCanyonȱPorphyryȱCuȬMoȬAuȱdeposit,ȱLandtwingȱetȱal.,ȱ2010;ȱButteȱ
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Porphyryȱ CuȬMoȱ deposit,ȱ Ruskȱ etȱ al.,ȱ 2008;ȱ SnȬWȬFȱ mineralizedȱ Moleȱ Granite,ȱ
Audetat,ȱetȱal.,ȱ2000).ȱȱ
Despiteȱtheȱabundantȱliteratureȱinȱgoldȱ(±ȱcopper)ȱdepositsȱsuchȱasȱintrusionȬ
related,ȱepithermal,ȱorogenicȱorȱ IOCGȱdeposits,ȱ itȱ isȱstillȱnotȱwellȱknownȱhowȱ theȱȱ
processesȱofȱoreȱ transportȱandȱprecipitationȱdescribedȱaboveȱoperateȱ inȱ theseȱ lessȱ
wellȱknownȱoreȱsystems.ȱTheȱintrusionȬrelatedȱgoldȱdepositsȱ(Langȱetȱal.,ȱ2003)ȱareȱ
diverse,ȱdifficultȱ toȱdefineȱ andȱ classifyȱ asȱ theyȱ areȱ formedȱ inȱdifferentȱgeologicalȱ
settingsȱ(Grovesȱetȱal.,ȱ2003b;ȱPhillipsȱandȱPowell,ȱ2010).ȱCommonȱcharacteristicsȱtoȱ
mostȱofȱtheȱintrusionȬrelatedȱgoldȱsystemsȱareȱ(Sillitoe,ȱ1991;ȱHollister,ȱ1992;ȱLangȱetȱ
al.,ȱ 1997;ȱ Thompsonȱ et.ȱ al,ȱ 1999;ȱ Langȱ etȱ al.,ȱ 2000;ȱ Newberry,ȱ 2000):ȱ (1)ȱ theȱ
metaluminous,ȱsubalkalineȱ intrusionsȱhostingȱorȱ lyingȱcloseȱ toȱ theȱmineralization;ȱ
(2)ȱ theȱ presenceȱ ofȱ CO2Ȭȱ bearingȱ hydrothermalȱ fluids;ȱ (3)ȱ anȱ oreȱ assemblageȱ
composedȱbyȱgoldȱwithȱBi,ȱW,ȱAs,ȱMo,ȱandȱTeȱwithȱ lowȱsulfideȱcontent;ȱandȱ(4)ȱaȱ
restrictedȱ hydrothermalȱ alteration,ȱ exceptȱ inȱ shallowȱ deposits.ȱ Oneȱ ofȱ theȱmostȱ
controversialȱandȱdebatedȱquestionȱinȱtheseȱintrusionȬrelatedȱdepositsȱisȱtheȱoriginȱ
ofȱbothȱtheȱoreȬmetalsȱandȱtheirȱtransportingȱfluids.ȱTheȱproposedȱoreȬfluidȱsourcesȱ
areȱdisparȱfromȱmetamorphicȱdevolatilizationȱreactionsȱ(PhillipsȱandȱPowell,ȱ2010),ȱ
mantleȱdegassingȱ(Fyonȱetȱal.,ȱ1983),ȱmagmaticȱhydrothermalȱ fluidsȱexpelledȱfromȱ
intrusionsȱ (Burrowsȱ andȱ Spooner,ȱ 1989;ȱGrovesȱ etȱ al.,ȱ 2003)ȱ orȱ aȱ combinationȱ ofȱ
them.ȱ
InȱthisȱstudyȱtheȱmechanismsȱofȱtransportȱandȱprecipitationȱofȱaȱlowȱtonnageȬ
highȱ gradeȱ CuȬAuȱ granitoidȱ hostedȱ veinȱ mineralizationȱ areȱ discussed.ȱ ȱ Aȱ
combinationȱofȱfluidȱinclusionȱstudy,ȱSEMȬCL,ȱLAȬICPMSȱandȱRamanȱtechniquesȱisȱ
appliedȱtoȱstudyȱinȱdetailȱtheȱphysicalȱandȱchemicalȱevolutionȱofȱtheȱhydrothermalȱ
fluidsȱthatȱcirculatedȱthroughȱtheȱvein.ȱ ȱWithȱsignificantȱestimatedȱresourcesȱupȱtoȱ
1.8ȱMtȱatȱ8.2%ȱCuȱandȱ28ȱg/tȱAu,ȱtheȱSultanaȱveinȱhasȱbeenȱoneȱofȱtheȱrichestȱgoldȱ
minesȱ inȱ Spainȱwithȱ localȱ gradesȱupȱ toȱ 500ȱ g/t.ȱ Itȱ representsȱ aȱ goodȱ exampleȱ toȱ
examineȱtheȱevolutionȱofȱtheȱhydrothermalȱfluidsȱandȱoreȱformingȱprocessesȱwithinȱ
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aȱveinȱsystem,ȱdueȱtoȱitsȱgoodȱaccessibility,ȱsimpleȱmineralogy,ȱhighȱoreȱgradeȱandȱ
theȱ localȱ presenceȱ ofȱ freeȬgrownȱ quartzȱ crystalsȱ thatȱ hostȱ wellȱ preservedȱ fluidȱ
inclusions.ȱInȱaddition,ȱevidencesȱonȱtheȱsimilaritiesȱofȱtheȱSultanaȱveinȱwithȱotherȱ
copperȬgoldȱdepositsȱ suchȱ asȱ orogenicȱ goldȱ lodesȱ orȱporphyryȱ goldȱdepositsȱ areȱ
providedȱ onȱ theȱ basisȱ ofȱ fluidȱ characteristicsȱ andȱ oreȬmetalȱ precipitationȱ
mechanisms.ȱȱ
Thisȱstudyȱaccompaniesȱanotherȱworkȱorientedȱtoȱtheȱfieldȱrelationshipsȱandȱ
geochemistryȱofȱtheȱoreȱdepositȱ(Tornosȱetȱal.,ȱinȱprep.).ȱ
II.2.ȱGeologicalȱsettingȱ
TheȱSultanaȱveinȱisȱlocatedȱinȱtheȱnorthwestȱpartȱofȱtheȱSantaȱOlallaȱPlutonicȱ
Complexȱ(SOPC;ȱCasquet,ȱ1980),ȱinȱtheȱOssaȱMorenaȱZoneȱ(ZOM,ȱSWȱIberia)ȱ(Fig.ȱ
1).ȱTheȱSOPCȱ isȱaȱVariscanȱplutonȱ locatedȱ inȱ theȱsouthernȱ limbȱofȱaȱmajorȱfoldingȱ
structure,ȱtheȱOlivenzaȬMonesterioȱAntiformȱ(OAM,ȱFig.5,ȱChapterȱI).ȱTheȱcomplexȱ
isȱlimitedȱbyȱtheȱZufreȱandȱChernecaȱfaults,ȱandȱintrudedȱtwoȱdifferentȱstratigraphicȱ
units:ȱtheȱblackȱshaleȱandȱmetagreywackeȱwithȱthinȱintercalationsȱofȱmetaȬvolcanicȱ
rocksȱ andȱblackȱquartziteȱ (SerieȱNegraȱUnit,ȱEguiluz,ȱ 1988)ȱ inȱ theȱnorth,ȱ andȱ theȱ
synȬCadomianȱMalcocinadoȱ Fmȱ andȱ superimposedȱ EarlyȱCambrianȱ limestoneȱ inȱ
theȱsouthȱ(Fig.1).ȱTheȱ intrusionȱ isȱ irregularȱandȱelongatedȱ inȱshape,ȱwithȱaȱWNWȬ
ESEȱ trend,ȱ coversȱ anȱ areaȱ ofȱ aroundȱ 30ȱ km2ȱ andȱ isȱ usuallyȱ boundedȱ byȱ skarnȱ
dominatedȱgarnetite.ȱTheȱVariscanȱ regionalȱmetamorphismȱ isȱofȱveryȱ lowȱ toȱ lowȱ
gradeȱ andȱ isȱ superimposedȱ byȱ aȱ wellȬdefinedȱ intenseȱ contactȱ metamorphismȱ
gradingȱ fromȱ greenschistȱ toȱ amphiboliteȱ facies.ȱCasquetȱ (1980)ȱ hasȱ proposedȱ anȱ
intervalȱofȱtemperatureȱfromȱ700ºȱtoȱ925ȱºCȱandȱpressureȱfromȱ0.5ȱtoȱ1ȱkbarȱforȱtheȱ
contactȱmetamorphismȱ formation.ȱ Theȱ SOPCȱ isȱ interpretedȱ asȱ havingȱ aȱ reverseȱ
compositionalȱ zonationȱwithȱ quartzȱ dioriteȱ gradingȱ toȱ tonaliteȱ inȱ theȱ centerȱ andȱ
monzograniteȱinȱtheȱsouth.ȱMinorȱapliteȱandȱmicrograniteȱoccurȱasȱlateȱdikes.ȱThreeȱ
importantȱ stylesȱ ofȱ Variscanȱ mineralizationȱ areȱ knownȱ inȱ theȱ vicinityȱ ofȱ theȱ
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intrusion:ȱ theȱAguablancaȱmagmaticȱNiȬCuȱdepositȱ (Tornosȱetȱal.,ȱ2004),ȱ theȱCalaȱ
FeȬCuȬ(Au)ȱ skarnȱ IOCG?Ȭlikeȱ depositȱ (Velascoȱ andȱ Amigó,ȱ 1981;ȱ Tornosȱ andȱ
Casquet,ȱ 2005;ȱCarriedoȱ etȱ al.,ȱ 2006)ȱ andȱ theȱ Sultanaȱ (California,ȱ Extremeñaȱ andȱ
Cala)ȱcopperȬgoldȱveinȱ(Fig.1).ȱ
TheȱSultanaȱCuȬAuȱveinȱsystemȱ isȱ locatedȱ inȱ theȱSultanaȱStock,ȱwhichȱ isȱanȱ
apophisisȱofȱtheȱSOPCȱlocatedȱatȱtheȱnorthwestȱ(Fig.ȱ1).ȱTheȱstockȱisȱsubcircularȱinȱ
shapeȱ andȱ isȱ hostedȱ byȱ theȱ Precambrianȱ blackȱ shaleȱ andȱ greywackeȱ withȱ thinȱ
intercalationsȱ ofȱmetaȬvolcanicȱ rocksȱ andȱ blackȱ quartziteȱ ofȱ theȱ SerieȱNegraȱUnitȱ
andȱtheȱshale,ȱmarble,ȱcalcsilicateȱhornfels,ȱporphyriticȱrhyoliteȱandȱmetabasitesȱofȱ
theȱMalcocinadoȱFormationȱoverlainȱbyȱaȱthickȱunitȱofȱlimestoneȱofȱEarlyȱCambrianȱ
ageȱ (Eguiluz,ȱ1989;ȱApalateguiȱetȱal.,ȱ1990).ȱThisȱ limestoneȱusuallyȱoccursȱasȱ roofȱ
pendantsȱ orȱ alongȱ theȱ marginsȱ ofȱ theȱ intrusionȱ andȱ isȱ sometimesȱ replacedȱ byȱ
garnetȬrichȱ calcicȱ skarn.ȱ Theȱ stockȱ hasȱ aȱ ratherȱ monotonousȱ composition,ȱ withȱ
mediumȱ toȱ coarseȱgrainedȱ tonaliteȱ andȱgranodioriteȱwithȱ localȱ zonesȱ enrichedȱ inȱ
largeȱ plagioclaseȱ phenocrysts.ȱ Theȱ Sultanaȱ Stockȱ isȱ theȱ onlyȱ placeȱ inȱ theȱ SOPCȱ
whereȱ theȱ graniticȱ rocksȱ areȱ inȱ directȱ contactȱ withȱ theȱ blackȱ shalesȱ ofȱ theȱ
NeoproteroicȱSerieȱNegraȱUnit.ȱForȱanȱextensiveȱexplanationȱofȱtheȱgeologicalȱandȱ
theȱstructuralȱsettingȱofȱtheȱarea,ȱweȱreferȱtoȱTornosȱetȱal.ȱ(inȱprep.).ȱ
ȱ
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Figureȱ1.ȱGeologicalȱmapȱofȱtheȱSantaȱOlallaȱPlutonicȱComplexȱandȱassociatedȱhostȱ
rocksȱ showingȱ theȱ mainȱ lithologiesȱ inȱ theȱ area.ȱ Modifiedȱ afterȱ IGME,ȱ
(1986Ȭ1987).ȱ
II.2.1.ȱDatingȱofȱtheȱintrusiveȱeventsȱandȱtheȱmineralizationȱ
ȱWellȱconstrainedȱagesȱ forȱ theȱSOPCȱ showȱanȱageȱofȱemplacementȱbetweenȱ
341ȱ ±ȱ 3ȱMaȱ andȱ 347.7ȱ ±ȱ 5ȱMaȱ (Romeoȱ etȱ al.,ȱ 2006;ȱOrdóñezȬCasadoȱ etȱ al.,ȱ 2008)ȱ
duringȱtheȱVariscanȱorogenyȱ(Tableȱ1).ȱTheȱSultanaȱStockȱwasȱformedȱatȱtheȱsameȱ
ageȱ 341ȱ ±ȱ 3ȱMaȱ (Lunarȱ etȱ al.,ȱ 2008)ȱwhereasȱ theȱ Teulerȱ stockȱ inȱ theȱ southȱ andȱ
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Garroteȱstockȱ inȱ theȱnorthȱwereȱemplacedȱslightlyȱ laterȱ (338ȱ±ȱ2ȱMa,ȱRomeoȱetȱal.,ȱ
2006;ȱLunarȱetȱal.,ȱ2008).ȱ
TheȱmineralizationȱhasȱbeenȱdatedȱinȱtheȱquartzȬsericiteȱalterationȱnextȱtoȱtheȱ
selvageȱofȱtheȱvein,ȱyieldingȱanȱAr/Arȱageȱofȱ331.4±0.7ȱMaȱ(Tornosȱetȱal.,ȱinȱprep.).ȱ
Despiteȱnotȱveryȱconfident,ȱthisȱageȱsuggestsȱthatȱtheȱveinȱformedȱ10ȱMaȱlaterȱthanȱ
theȱhostingȱSultanaȱStock.ȱȱ
Tableȱ1.ȱGeochronologicalȱdataȱofȱ theȱmostȱ importantȱ featuresȱ inȱ theȱSantaȱOlallaȱ
Plutonicȱcomplex.ȱ
II.2.2.ȱTheȱSultanaȱveinȱȱ
Crosscuttingȱ theȱSultanaȱStockȱ thereȱareȱatȱ leastȱ twoȱ systemsȱofȱveins,ȱoneȱ
withȱN110Ȭ130ºEȱ trendȱ representedȱbyȱ theȱSanȱRafaelȱandȱCaliforniaȱminesȱandȱaȱ
secondȱoneȱwithȱN160ºEȱtrendȱthatȱincludesȱtheȱSultanaȱvein.ȱOnlyȱthisȱlateȱoneȱwasȱ
accessibleȱtoȱtheȱundergroundȱgalleriesȱforȱtheȱrealizationȱofȱthisȱstudy.ȱTheȱSultanaȱ
veinȱdipsȱbetweenȱ10ºȱandȱ60ºȱWȱandȱhasȱanȱirregularȱpinchȱandȱswellsȱmorphologyȱ
withȱtheȱthicknessȱvaryingȱbetweenȱ0.18ȱtoȱ1.5ȱm.ȱȱItȱextendsȱlaterallyȱforȱmoreȱthanȱ
1ȱ kmȱ andȱ wasȱ minedȱ toȱ aȱ depthȱ ofȱ aboutȱ 100ȱ m.ȱ Theȱ veinȱ crosscutsȱ earlierȱ
subverticalȱ barrenȱ ankeriteȬquartzȱ veinsȱ ofȱN0ºȬ90ºȱ andȱN110Ȭ130ºȱ Eȱ trendȱwithȱ
someȱdisseminatedȱpyriteȱ(Tornosȱetȱal.,ȱinȱprep.).ȱ
Sample Method Mineral Age (Ma) References
Santa Olalla P.C U/Pb zircon 341±3 Spiering et al., 2005; Romeo et al., 2006 
zircon 348±5 Piña et al., 2006; Ordoñez Casado, 2008
U/Pb zircon 332±3 Salman, 2004 
Pb/Pb zircon 341±3 Lunar, 2008 
Pb/Pb zircon 341±3 Montero et al. 2000
Sultana Stock Pb/Pb zircon 341±3 Lunar, 2008 
Sultana vein Ar/Ar phengite 331±1 Tornos et al., (in prep.)
Teuler Stock Pb/Pb zircon 338±2 Romeo et al., 2006; Lunar, 2008 
Garrote Stock Pb/Pb zircon 339±3 Romeo et al., 2006; Lunar, 2008
Cala Stock Pb/Pb zircon 352±4 Romeo et al., 2006
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Theȱveinȱinfillȱisȱpredominantlyȱformedȱbyȱquartz,ȱankeriteȱandȱchalcopyrite,ȱ
theȱlatestȱalmostȱinvariablyȱlocatedȱinȱtheȱcenterȱbutȱalsoȱsupportingȱmicrobrecciasȱ
(Fig.2A).ȱTornosȱetȱal.ȱ(inȱprep.)ȱhasȱdistinguishedȱfourȱsuperimposedȱhydrothermalȱ
eventsȱinȱtheȱveinȱ(Tableȱ2):ȱȱ
- Theȱearliestȱstageȱisȱcomposedȱbyȱhighlyȱdeformedȱmilkyȱquartz,ȱ
ankerite,ȱscarceȱpyriteȱandȱarsenopyriteȱ(Fig.ȱ2B).ȱ
- Superimposedȱtoȱtheȱfirstȱstage,ȱtheȱmainȱoreȱassemblageȱisȱdominatedȱbyȱ
chalcopyrite,ȱquartzȱandȱankerite.ȱQuartzȱisȱmoreȱtransparentȱthanȱtheȱ
earlierȱone,ȱwithȱlocalȱeuhedralȱgrowingȱintoȱopenȱspacesȱ(Fig.ȱ2C).ȱȱ
- Bismuthiniteȱ(Bi2S3),ȱmaldoniteȱ(Au2Bi)ȱandȱnativeȱgoldȱpostdateȱandȱ
replaceȱtheȱchalcopyrite;ȱGoldȱoccursȱinȱfractures,ȱcoatingȱquartzȱandȱ
chalcopyriteȱveins,ȱreplacingȱbismutiniteȱandȱinȱsomeȱcases,ȱasȱfreeȱgrownȱ
nativeȱgoldȱaggregatesȱduringȱtheȱfinalȱstagesȱofȱcrystallizationȱ(Fig.ȱ2D).ȱȱ
- Theȱlatestȱstageȱcomprisesȱaȱlowȱtemperatureȱassemblageȱwithȱquartz,ȱ
calcite,ȱsphaleriteȱandȱgalenaȱreplacingȱchalcopyriteȱandȱfillingȱlateȱveins.ȱ
Theȱveinȱselvageȱ isȱaffectedȱbyȱaȱdominantlyȱsericiticȱalterationȱthatȱ isȱmostȱ
commonlyȱconfinedȱtoȱnarrowȱzonesȱ(10Ȭ20ȱcm)ȱadjacentȱtoȱtheȱveinȱ(Fig.ȱ2E).ȱTheȱ
assemblageȱincludesȱfineȱgrainedȱphengite,ȱquartz,ȱankerite,ȱalbite,ȱchlorite,ȱbiotite,ȱ
tourmalineȱandȱvariableȱproportionsȱofȱ calcite,ȱepidoteȱandȱapatite;ȱ locally,ȱ itȱhasȱ
disseminatedȱchalcopyriteȱandȱpyrite.ȱȱ
Inȱ someȱ areasȱ ofȱ theȱ SOPC,ȱ theȱ tonaliteȱ hostsȱ apliteȱ dikesȱ andȱmiaroliticȱ
cavitiesȱ thatȱ canȱ beȱ interpretedȱ asȱ indicativeȱ ofȱ lateȱ stageȱ fluidȱ releaseȱ whileȱ
intrusionȱwasȱsolidifyingȱ(Fig.ȱ2F).ȱAsȱitȱisȱshownȱlater,ȱtheȱeuhedralȱquartzȱinȱtheseȱ
cavitiesȱ hostȱ fluidȱ inclusionsȱ thatȱ areȱ similarȱ toȱ thoseȱ ofȱ theȱ Sultanaȱ but,ȱ
unfortunately,ȱ thereȱ areȱ noȱ fieldȱ evidencesȱ ofȱ synchronousȱ developmentȱ nearȱ orȱ
underneathȱ theȱ Sultanaȱ veinȱwhichȱ couldȱ helpȱ toȱ establishȱ aȱ linkȱ betweenȱ theseȱ
cavitiesȱandȱtheȱveinȱformation.ȱȱ
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ȱ
Figureȱ2.ȱPhotographsȱofȱtheȱSultanaȱveinȱandȱtheȱmagmaticȬhydrothermalȱfeaturesȱofȱ
theȱSantaȱOlallaȱPlutonicȱComplex.ȱ(A)ȱAspectȱofȱtheȱveinȱwithȱquartzȱandȱ
chalcopyrite;ȱnoteȱ theȱpinchȱandȱsellȱmorphologyȱofȱ theȱvein;ȱ (B)ȱQuartzȬ
pyriteȱstageȱaffectedȱbyȱsuperimposedȱbrittleȱdeformationȱ(sampleȱSULȬpyȬ
1);ȱ(C);ȱMainȱstageȱassemblage,ȱincludingȱquartz,ȱankerite,ȱandȱchalcopyriteȱ
replacingȱ earlierȱ arsenopyrite.ȱ Theseȱ sectionsȱ areȱ optimalȱ forȱ theȱ fluidȱ
inclusionȱ studyȱ (sampleȱ CSUȬ1);ȱ (D)ȱ Freeȱ grownȱ aggregateȱ ofȱ goldȱ inȱ
quartzȱ(sampleȱfromȱtheȱMuseoȱGeoMinero,ȱMadrid,ȱSpain);ȱ(E)ȱAspectȱofȱ
theȱsericiticȱalterationȱinȱtheȱselvageȱofȱtheȱveinȱ(sampleȱCSUȬ2);ȱ(F)ȱPossibleȱ
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largeȱandȱveryȱwellȱpreservedȱ fluidȱ inclusionȱassemblagesȱ (FIA)ȱ suitableȱ forȱdetailedȱ
analysis.ȱȱ
II.3.1.ȱFluidȱinclusionȱpetrographyȱ
Thirtyȱdoublyȱpolishedȱ thickȱ sectionsȱparallelȱ toȱ theȱ cȬaxisȱ ofȱ theȱ crystalsȱ andȱ
withȱ aȱ thicknessȱ betweenȱ 200ȱ andȱ 400ȱ ΐmȱ wereȱ preparedȱ forȱ theȱ fluidȱ inclusionȱ
petrography.ȱ ȱ Theȱ fluidȱ inclusionȱ petrographyȱ isȱ basedȱ onȱ theȱ “Fluidȱ Inclusionȱ
Assemblage”ȱ (FIA)ȱ conceptȱ definedȱ byȱ Goldsteinȱ andȱ Reynoldsȱ (1994),ȱ asȱ
petrographicallyȱ coexistingȱ fluidȱ inclusions.ȱ Fluidȱ inclusionsȱ withȱ evidencesȱ ofȱ
postentrapmentȱmodificationsȱasȱwellȱasȱtheȱsingleȱisolatedȱonesȱwereȱavoidedȱfromȱtheȱ
study.ȱ Allȱ theȱ procedureȱ forȱ theȱ petrographyȱ wasȱ doneȱ followingȱ theȱ methodȱ ofȱ
GoldsteinȱandȱReynoldsȱ(1994).ȱ
II.3.2.ȱSEMȬCathodoluminescenceȱimagesȱ
ȱTheȱpetrographyȱofȱtheȱdoublyȱpolishedȱsectionsȱwasȱperformedȱinȱcombinationȱ
toȱ cathodoluminescenceȱ imagingȱ ofȱ theȱ quartzȱ crystalsȱ onȱ aȱ scanningȱ electronȱ
microscopeȱ(SEMȬCL).ȱTheȱSEMȬCLȱandȱassociatedȱSEMȬBSEȱ(BackȱScatteredȱElectron)ȱ
imagesȱwereȱobtainedȱatȱtheȱCentroȱdeȱInstrumentaciónȱCientíficaȱ(CIC),ȱUniversityȱofȱ
Granadaȱ (Spain).ȱTheȱsectionsȱwereȱcoatedȱwithȱaȱ filmȱofȱcarbonȱ toȱpreventȱelectricalȱ
chargeȱduringȱirradiation,ȱwhichȱwasȱremovedȱforȱtheȱfurtherȱfluidȱinclusionȱstudy.ȱTheȱ
imagesȱwereȱ takenȱ inȱ SEMȱ Leoȱ 1430ȱVPȱ equipmentȱwithȱ anȱ accelerationȱ voltageȱ ofȱ
15kV,ȱ2nAȱeȬprobeȱandȱaȱbeamȱcurrentȱdensityȱofȱ80mA.ȱTheȱworkingȱdistanceȱwasȱ16ȱ
mm.ȱToȱdistinguishȱbetweenȱdifferentȱintensitiesȱofȱcathodoluminescenceȱinȱquartz,ȱweȱ
haveȱclassifiedȱitȱasȱdarkȬluminescent,ȱgrayȬluminescentȱandȱbrightȬluminescent.ȱ
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II.3.3.ȱMicrothermometryȱofȱfluidȱinclusionsȱ
Microthermometricȱ analysesȱwereȱperformedȱ inȱ twoȱphasesȱduringȱ theȱ study,ȱ
usingȱaȱLinkamȱTMSȱ94ȱheatingȬfreezingȱstageȱatȱ theȱInstitutoȱGeológicoȱyȱMineroȱdeȱ
Españaȱ (IGME,ȱ Salamanca)ȱ andȱ aȱ Linkamȱ THMSGȱ 600ȱ stageȱ atȱ theȱ ETHȱ inȱ Zürich.ȱ
Calibrationȱ wasȱ performedȱ usingȱ syntheticȱ H2OȬCO2ȱ fluidȱ inclusionsȱ suppliedȱ byȱ
LinkamȱScientificȱInstrumentsȱLtd.ȱforȱtheȱeutecticȱpointȱofȱCO2ȱ(Ȭ56.6ȱºC)ȱandȱsyntheticȱ
H2Oȱfluidȱinclusionsȱforȱtheȱmeltingȱpointȱofȱiceȱ(0.0ȱºC)ȱandȱtheȱcriticalȱpointȱofȱwaterȱ
(374.0ȱºC).ȱTheȱprocedureȱwasȱdependentȱuponȱtheȱphaseȱproportionsȱofȱfluidȱinclusionȱ
atȱ roomȱ temperature.ȱ Forȱ theȱ CO2Ȭbearingȱ fluidȱ inclusions,ȱ weȱ haveȱ followedȱ theȱ
procedureȱofȱDiamondȱ (1990);ȱ itȱconsistȱonȱ theȱpreheatingȱofȱ theȱsampleȱ toȱ50ȱ ºCȱandȱ
furtherȱrapidȱcoolingȱwithȱliquidȱnitrogenȱtoȱȬ155ȱºC,ȱleadingȱtoȱtheȱformationȱofȱvapor,ȱ
CO2ȱclathrate,ȱice,ȱsaltȬhydratesȱandȱCO2Ȭsolid.ȱThen,ȱtheȱsampleȱwasȱheatedȱinȱorderȱtoȱ
observeȱ theȱ equilibriumȱ phaseȱ changesȱ untilȱ theȱ totalȱ homogenizationȱ atȱ aȱ givenȱ
temperatureȱ(Thtot).ȱManyȱtimesȱThtotȱwasȱnotȱreachedȱinȱorderȱtoȱinhibitȱdecrepitationȱ
ofȱ theȱ fluidȱ inclusionsȱbeforeȱRamanȱandȱLAȬICPMSȱanalysis.ȱTheȱheatingȱrateȱwasȱ5ȱ
ºC/minȱ andȱ closeȱ toȱphaseȱ changesȱ itȱwasȱ reducedȱ toȱ 0.5ȱ orȱ evenȱ toȱ 0.1ȱ ºC/min.ȱ Forȱ
accurateȱ measurementsȱ ofȱ someȱ phaseȱ changes,ȱ theȱ “cycling”ȱ techniqueȱ wasȱ usedȱ
(GoldsteinȱandȱReynolds,ȱ1994;ȱexplainedȱinȱtheȱappendixȱIIB).ȱTheȱsalinityȱisȱexpressedȱ
inȱwtȱ%ȱNaClȱequivalentȱandȱwasȱdeterminedȱfromȱtheȱfinalȱmeltingȱofȱiceȱ(Bodnarȱandȱ
Vityk,ȱ1994),ȱ theȱ finalȱmeltingȱofȱ clathrateȱ ȱorȱ theȱ finalȱmeltingȱofȱhaliteȱ (Bodnarȱandȱ
Vityk,ȱ1994),ȱdependingȱonȱ theȱphasesȱpresentȱwithinȱ theȱ inclusion.ȱTheȱestimationȱofȱ
theȱ salinityȱ isȱ difficultȱ inȱ someȱ CO2ȱ bearingȱ fluidȱ inclusionsȱ (especiallyȱ inȱ theȱ
intermediateȱdensityȱcarbonicȱtype,ȱIDcȱandȱLiquidȱAqueousȱcarbonic,ȱLc;ȱseeȱbelow).ȱ
Inȱ theseȱ inclusions,ȱ liquidȱ CO2ȱ isȱ difficultȱ toȱ observeȱ andȱ theȱ clathrateȱ meltingȱ
temperatureȱ (Tmcla)ȱ isȱveryȱvariableȱwithinȱaȱ singleȱFIA.ȱEvenȱmore,ȱ theȱ systemȱcanȱ
containȱCH4ȱandȱsaltsȱwhichȱcanȱformȱaȱsolidȱsolutionȱwithȱtheȱCO2ȱclathrateȱandȱalterȱ
itsȱstability,ȱmodifyingȱtheȱcalculatedȱsalinity.ȱToȱcheckȱanyȱdifference,ȱtheȱsalinityȱwasȱ
alsoȱcalculatedȱusingȱtheȱTmclaȱofȱtheȱH2OȬCO2ȬNaClȬCH4ȱsystemȱ(JacobsȱandȱKerrick,ȱ
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1981;ȱ Brownȱ andȱ Hagemann,ȱ 1994).ȱ Weȱ haveȱ madeȱ theȱ calculationȱ usingȱ bothȱ
proceduresȱandȱtheȱsalinityȱdidȱnotȱvaryȱsignificantly;ȱsinceȱtheȱCH4ȱcontentȱisȱsmallȱinȱ
allȱtheȱcarbonicȱfluidȱinclusions,ȱweȱhaveȱpreferredȱtoȱsimplifyȱtheȱprocedureȱusingȱtheȱ
methodȱofȱDiamondȱ(1992).ȱ
II.3.4.ȱRamanȱanalysisȱ
Threeȱgasȱspeciesȱ(CO2,ȱCH4ȱandȱN2)ȱwereȱanalyzedȱbyȱRamanȱMicroprobeȱatȱtheȱ
Universityȱ ofȱ Bernȱ inȱ Switzerlandȱ selectingȱ aȱ laserȱ beamȱwithȱ Ώȱ =ȱ 514ȱ nmȱ forȱ theȱ
measurements.ȱ Inȱorderȱ toȱcorrectȱ theȱeventualȱcontributionȱofȱatmosphericȱN2ȱ (blankȱ
measurements;ȱ Burke,ȱ 2001),ȱ itȱ wasȱ subtractedȱ fromȱ theȱ N2ȱ measuredȱ inȱ theȱ fluidȱ
inclusions.ȱMolarȱ fractionsȱofȱgasȱ speciesȱ inȱeachȱ inclusionȱwereȱ calculatedȱ followingȱ
theȱprocedureȱexplainedȱinȱBurkeȱ(2001)ȱandȱinȱtheȱAppendixȱIIDȱofȱthisȱthesis.ȱAȱtotalȱ
ofȱ 17ȱ fluidȱ inclusionsȱ wereȱ analyzedȱ byȱ Ramanȱ spectroscopyȱ withȱ threeȱ orȱ fourȱ
representativeȱfluidȱinclusionsȱfromȱeachȱtype.ȱȱ
ȱII.3.5.ȱ Laserȱ ablationȬinductivelyȱ coupledȱ plasmaȬmassȱ spectrometryȱ analysisȱ (LAȬ
ICPMS)ȱȱ
ȱLaserȱ ablationȱ Ȭȱ inductivelyȱ coupledȱ plasmaȱ massȱ spectrometryȱ (LAȬICPMS)ȱ
measurementsȱwereȱ performedȱ atȱ theȱ ETHȱZürich,ȱ inȱ anȱ Elanȱ 6100ȱ ICPȬMSȱ (Perkinȱ
Elmer,ȱ Canada)ȱ combinedȱ withȱ aȱ 193ȱ nmȱ excimerȱ laserȱ systemȱ (Lambdaȱ Physik,ȱ
Germany).ȱDetailsȱ aboutȱ theȱ instrumentationȱ andȱ quantificationȱ procedureȱ forȱ fluidȱ
inclusionȱ analysisȱ areȱ describedȱ inȱ Güntherȱ etȱ al.,ȱ (1998),ȱ Pettkeȱ etȱ al.,ȱ (2000)ȱ andȱ
Heinrichȱetȱal.,ȱ(2003).ȱTheȱimagingȱopticalȱsystemȱpermitsȱtoȱadjustȱtheȱapertureȱinȱtheȱ
laserȱbeamȱtoȱcontrolȱtheȱablationȱwithȱdifferentȱpitȱsizes.ȱAfterȱcarefulȱcleaningȱofȱtheȱ
sampleȬchipsȱ andȱ theȱ chamberȱ toȱ avoidȱ theȱ externalȱ contamination,ȱ aȱ petrographicȱ
microscopeȱ whichȱ allowsȱ directȱ observationȱ ofȱ theȱ sampleȱ wasȱ usedȱ toȱ locateȱ aȱ
previouslyȱselectedȱfluidȱinclusion.ȱTheȱabsoluteȱquantificationȱofȱtheȱsignalȱ(Fig.ȱ3)ȱwasȱ
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obtainedȱ byȱ timeȱ integrationȱ ofȱ allȱ elementȱ intensities,ȱ correctionȱ forȱ hostȱ mineralȱ
contributionsȱ (Na,ȱ K,ȱMn,ȱ Zn,ȱ Csȱ andȱ Pb),ȱ comparisonȱ ofȱ intensityȱ ratiosȱwithȱ theȱ
externalȱstandardȱ(NBSȱ610ȱglassȱfromȱNIST),ȱandȱtransformationȱofȱtheȱelementȱratiosȱ
intoȱ absoluteȱ concentrationsȱ usingȱ anȱ internalȱ standard.ȱ Forȱ fluidȱ inclusions,ȱ thisȱ
internalȱstandardȱ isȱ theȱNaȱconcentration,ȱobtainedȱfromȱtheȱmicrothermometryȱasȱwtȱ
%ȱNaClȱeq.ȱ(Heinrichȱetȱal.,ȱ2003).ȱTheȱLAȬICPMSȱconditionsȱforȱthisȱstudyȱareȱdetailedȱ
inȱ theȱTableȱ3.ȱDataȱ reductionȱandȱquantificationȱwasȱdoneȱwithȱ theȱSILLSȱcomputerȱ
softwareȱ developedȱ atȱ theȱ ETHȱ Zürichȱ (Guillongȱ etȱ al.,ȱ 2008b).ȱ Upȱ toȱ 130ȱ fluidȱ
inclusionsȱwereȱanalyzedȱbyȱ laserȱablation,ȱallȱofȱ themȱ formingȱpartȱofȱrepresentativeȱ
FIAȱofȱallȱgenerationsȱofȱtheȱSultanaȱvein.ȱ
ȱTableȱ3.ȱLAȬICPMSȱanalyticalȱconditionsȱforȱtheȱfluidȱinclusionsȱstudiedȱinȱtheȱSultanaȱ
vein.ȱ
ȱ
EXCIMER 193 nm ArF laser COMPLEX 11OI
Fluence 30 -35 J/cm
2
Pulse duration 10 - 20 ns
Repetition rate 10 Hz
Pit size 15 and 200 µm
Ablation cell volume 1 cm
3
Cell He gas flow 1.1 L/min (+5 ml/min H2)
ELAN 6100 DRC quadrupole ICP-MS
Nebulizer gas flow 0.85 L/min Ar (can vary due to daily tuning)
Auxiliary gas flow 0.85 L/min Ar (can vary due to daily tuning)
Cool gas flow 15 L/min Ar
RF power 1550 W
Quadrupole setting time 3 ms
DATA AQUISITION
Readings per replicate 400
Dwell time per isotope Adjusted to 10 ms (standard)
Isotopes 23Na,29Si, 32S, 39K, 42Ca, 55Mn, 57Fe, 
65Cu, 66Zn, 75As,133Cs, 208Pb,197Au, 
125Te, 209Bi
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Figureȱ 3.ȱ LAȬICPMSȱ signalȱ ofȱ aȱ singleȱ fluidȱ inclusionȱ (flinc10ma09d04,ȱ Lcx)ȱ ofȱ theȱ
Sultanaȱvein.ȱTheȱsignalȱrecordsȱtheȱelementsȱ(onlyȱsomeȱofȱthemȱareȱshownȱ
hereȱ forȱ betterȱ clarity)ȱ analysedȱ insideȱ theȱ fluidȱ inclusions.ȱNoteȱ theȱ goodȱ
signalȱ forȱelementsȱ thatȱusuallyȱareȱdifficultȱ toȱ identify,ȱsuchȱasȱSȱorȱCa.ȱForȱ
theȱquantification,ȱtheȱsignalȱwasȱintegratedȱfromȱ85ȱtoȱ125ȱseconds.ȱ
ȱ
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II.4.ȱVeinȱquartzȱtexturesȱfromȱSEMȬcathodoluminescenceȱ
TheȱmainȱpurposeȱofȱtheȱSEMȬCathodoluminescenceȱ(SEMȬCL)ȱanalysisȱisȱtoȱ
tryȱ toȱ identifyȱ theȱdifferentȱ typesȱandȱgenerationsȱofȱquartzȱandȱ theirȱrelationshipȱ
withȱtheȱprecipitationȱofȱtheȱsulfidesȱandȱgold.ȱCathodoluminescenceȱisȱaȱpowerfulȱ
toolȱsinceȱtheȱimagesȱrevealȱtexturesȱthatȱareȱnotȱobservableȱunderȱtheȱtransmittedȱ
lightȱmicroscopeȱorȱbackscatteredȱelectronȱimagingȱ(BSE)ȱ(Fig.ȱ4).ȱAfterȱtheȱSEMȬCLȱ
analyses,ȱ theȱ fluidȱ inclusionȱ assemblagesȱ canȱbeȱ assignedȱ toȱ theȱquartzȱdomains,ȱ
allowingȱ toȱ theȱ reconstructionȱ ofȱ theȱ hydrothermalȱ fluidȱ pulsesȱ thatȱ circulatedȱ
throughȱtheȱvein.ȱȱ
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Figureȱ 4.ȱComparisonȱbetweenȱ imagesȱofȱ theȱ sameȱareaȱ (sampleȱCSU2)ȱ takenȱbyȱ
scanningȱ electronȱmicroscopeȱ cathodoluminescenceȱ (SEMȬCL)ȱ (A),ȱ backȱ
scatteredȱelectronȱimagingȱ(BSE)ȱ(B)ȱandȱnormalȱtransmittedȱlightȱ(TL)ȱ(C).ȱ
Theȱ SEMȬCLȱ imageȱ showsȱ atȱ leastȱ twoȱ differentȱ texturesȱ ofȱ quartz:ȱ anȱ
olderȱeuhedralȱzonedȱquartzȱ(Q1)ȱthatȱisȱcrosscutȱbyȱaȱyoungerȱgenerationȱ
(Q2)ȱ thatȱ precipitatedȱ alongȱ fracturesȱ andȱ replacedȱ Q1ȱ asȱ irregularȱ
patches.ȱ Theseȱ texturesȱ andȱ theȱ relationshipsȱ betweenȱ theȱ quartzȱ
generationsȱ areȱ notȱ visibleȱ inȱ theȱ otherȱ images,ȱwhereȱ quartzȱ looksȱ asȱ
opticallyȱ continuous.ȱ Noteȱ thatȱ inȱ theȱ BSEȱ image,ȱ theȱ fracturesȱ andȱ
imperfectionsȱwithinȱtheȱsulfidesȱcanȱbeȱeasilyȱobserved.ȱȱ
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ȱInȱ theȱFigureȱ5Aȱandȱ5B,ȱweȱ illustrateȱaȱhypotheticalȱ reconstructionȱofȱ theȱ
evolutionȱofȱtheȱSultanaȱveinȱinfillȱbasedȱonȱtheȱSEMȬCLȱtextures.ȱTheȱimagesȱrevealȱ
aȱ complexȱ growthȱ historyȱwithȱ severalȱ episodesȱ ofȱ quartzȱ precipitationȱ thatȱ areȱ
consistentȱthroughȱallȱtheȱstudiedȱsamples.ȱThisȱevolutionȱcanȱbeȱsummarizedȱinȱatȱ
leastȱ threeȱ clearlyȱ separatedȱgenerationsȱofȱquartz:ȱ theȱ earliestȱoneȱ comprisesȱ theȱ
bulkȱofȱ theȱveinȱandȱ inȱhandȱsampleȱ itȱcorrespondsȱ toȱmilkyȱ textureȱ lessȱmassive,ȱ
usuallyȱ deformedȱ quartzȱ (Fig.ȱ 5A).ȱ Q1ȱ isȱ brightȬluminescentȱ andȱ showsȱ localȱ
euhedralȱgrowthȱzoningȱ indicatingȱcrystallizationȱ intoȱopenȱ spacesȱ (Fig.ȱ5E).ȱThisȱ
quartzȱhasȱsuperimposedȱdarkȱluminescentȱpatchesȱofȱgrayerȱluminescenceȱrelatedȱ
quartz.ȱ
Afterȱ theȱ precipitationȱ ofȱ theȱQ1ȱ generation,ȱ aȱ processȱ ofȱ dissolutionȱ andȱ
microfracturationȱtookȱplaceȱfollowedȱbyȱtheȱprecipitationȱofȱaȱsecondȱgenerationȱofȱ
quartzȱ(Q2,ȱFig.5).ȱQ2ȱshowsȱdarkȬluminescenceȱandȱoccursȱovergrowingȱorȱfillingȱ
microfracturesȱthatȱcrosscutȱQ1.ȱInȱtheȱcenterȱofȱtheȱveins,ȱcloseȱtoȱtheȱsulfides,ȱtheȱ
Q2ȱgrowsȱintoȱopenȱspacesȱwhereȱperfectȱeuhedralȱgrowthȱalongȱtheȱcȬaxisȱisȱvisibleȱ
(Fig.ȱ5C).ȱThisȱ laterȱgenerationȱ isȱalwaysȱandȱ invariablyȱ inȱdirectȱcontactȱwithȱ theȱ
sulfidesȱsuggestingȱthatȱtheȱoreȱprecipitatedȱafterȱtheȱQ1ȱdissolutionȱandȱbeforeȱorȱ
togetherȱwithȱ theȱprecipitationȱofȱQ2.ȱVeryȱ similarȱquartzȱgenerationȱ stagesȱhaveȱ
beenȱ previouslyȱ documentedȱ inȱ porphyryȬcopperȱ depositȱ sulfideȱ veinsȱ (e.g.ȱ
Redmondȱetȱal.,ȱ2004;ȱRuskȱetȱal.,ȱ2008;ȱLandtwingȱetȱal,ȱ2010).ȱ
ȱAȱthirdȱgenerationȱofȱquartzȱ(Q3)ȱshowsȱveryȱdarkȬluminescenceȱandȱoccursȱ
fillingȱlateȱfracturesȱthatȱcrosscutȱbothȱtheȱfirstȱandȱtheȱsecondȱgenerationȱofȱquartz.ȱ
ȱ
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Figureȱ5.ȱ(AȱandȱB)ȱReconstructionȱofȱanȱareaȱfromȱtheȱveinȬsampleȱCSU1ȱbasedȱonȱ
SEMȬCLȱimages.ȱNoteȱthatȱtheȱQ1ȱquartzȱgenerationȱcoversȱtheȱmostȱpartȱ
ofȱ theȱ veinȱ infill,ȱwhereasȱQ2ȱ (inȱ greenȱ color)ȱ isȱ onlyȱ representedȱ byȱ aȱ
narrowȱ rimȱ ofȱ quartz,ȱ fillingȱ openȱ spacesȱ asȱ euhedralȱ crystalsȱ orȱ fillingȱ
Universidad Internacional de Andalucía, 2013 (Lectura en 2012)
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texturesȱunderȱSEMȬCL.ȱ Inȱ theseȱveins,ȱ thereȱareȱmyriadsȱofȱ fluidȱ inclusions,ȱbutȱ
theyȱareȱtooȱsmallȱforȱaȱsuitableȱpetrographyȱandȱmicrothermometryȱ
ȱ
II.5.ȱTypesȱandȱdistributionȱofȱfluidȱinclusionsȱȱ
II.5.1.ȱFluidȱinclusionȱtypesȱȱ ȱ
Fluidȱ inclusionȱ typesȱ areȱ classifiedȱ accordingȱ toȱ theirȱ natureȱ andȱ phaseȱ
volumeȱproportionsȱatȱroomȱtemperature.ȱAllȱofȱthemȱformȱpartȱofȱfluidȱ inclusionȱ
assemblages,ȱ representingȱ groupsȱ ofȱ petrographicallyȱ associatedȱ fluidȱ inclusionsȱ
thatȱ occurȱ alongȱ growthȱ zonesȱ orȱ fracturesȱ (Goldsteinȱ andȱ Reynolds,ȱ 1994).ȱ Sixȱ
typesȱofȱfluidȱinclusionsȱareȱidentifiedȱas:ȱvaporȱcarbonicȱ(Vc),ȱintermediateȱdensityȱ
carbonicȱ (IDc),ȱ liquidȱ carbonicȱ (Lc,ȱLcx),ȱ liquidȱ aqueousȱ (La),ȱbrineȱ (B)ȱ andȱbrineȱ
polyphaseȱ(Bpol)ȱ(Fig.ȱ7).ȱȱ
Theȱ shapesȱ areȱ mostlyȱ negativeȱ crystalȱ toȱ roundedȱ isometric.ȱ Sizesȱ varyȱ
betweenȱveryȱlargeȱ(>100ȱΐmȱinȱsomeȱIDcȱfluidȱinclusions)ȱtoȱveryȱsmallȱinclusionsȱ
(2ȱ –ȱ 3ȱ ΐmȱ inȱ La).ȱ Theȱ meanȱ sizeȱ (20ȱ –ȱ 25ȱ ΐm)ȱ isȱ goodȱ enoughȱ forȱ bothȱ
microthermometryȱandȱ subsequentȱLAȬICPMSȱanalysis.ȱMostȱofȱ theȱ studiedȱ fluidȱ
inclusionȱassemblagesȱareȱpseudosecondaryȱandȱsecondaryȱinȱorigin.ȱPrimaryȱfluidȱ
inclusionsȱexistȱbutȱareȱrareȱandȱdifficultȱtoȱworkȱwithȱbecauseȱofȱtheirȱsmallȱsize.ȱ
Vaporȱcarbonicȱfluidȱinclusionsȱ(Vc;ȱFig.7Aȱtoȱ7D)ȱareȱlowȱdensityȱwithȱtheȱ
bubbleȱ (withoutȱ typicallyȱdistinguishableȱ liquidȱCO2ȱphaseȱ atȱ roomȱ temperature)ȱ
occupyingȱ almostȱ theȱ 80Ȭ90%ȱ ofȱ theȱ totalȱ volume.ȱ Inȱ fluidȱ inclusionsȱwhereȱ theȱ
liquidȱ fillsȱ lessȱ thanȱ aroundȱ 20%,ȱ theȱ liquidȱ phaseȱ isȱ generallyȱ invisibleȱ dueȱ toȱ
internalȱ reflectionȱ ofȱ theȱ inclusionȱwallsȱ (Ulrichȱ etȱ al.,ȱ 2001).ȱHowever,ȱ inȱ aȱ fewȱ
particularlyȱlargeȱinclusionsȱwithȱprotrusionsȱandȱpointyȱtips,ȱallȱtheȱphasesȱcanȱbeȱ
distinguishedȱ(Fig.ȱ7B).ȱ
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Intermediateȱ densityȱ carbonicȱ fluidȱ inclusionsȱ (IDc,ȱ Fig.7Eȱ toȱ 7G)ȱ haveȱ
almostȱsimilarȱproportionsȱofȱvaporȱ(40Ȭ50ȱ%ȱvol.)ȱandȱliquid.ȱLiquidȱCO2ȱisȱusuallyȱ
notȱdistinguishableȱatȱroomȱ temperatureȱbecauseȱ it’sȱsmallȱpresence.ȱTheyȱalwaysȱ
containȱoneȱorȱmostȱcommonlyȱtwoȱhighlyȱrefractiveȱtransparentȱcrystals.ȱȱ
Figureȱ7ȱ (nextȱpage).ȱFluidȱ inclusionȱ typesȱatȱSultanaȱvein.ȱ (A)ȱPseudosecondaryȱ
trailȱofȱvaporȱcarbonicȱ(Vc)ȱinclusionsȱinȱQ2ȱgrowthȱzone;ȱsampleȱSUCH3.ȱ
(B)ȱVcȱfluidȱinclusionȱwithȱpointyȱshapeȱwhereȱtheȱliquidȱaqueous,ȱliquidȱ
carbonicȱ andȱvaporȱ carbonicȱphasesȱ canȱbeȱ easilyȱdistinguished;ȱ sampleȱ
SU88.ȱ(CȱandȱD)ȱTwoȱportraitȱpicturesȱofȱVcȱfluidȱinclusions.ȱNoteȱthatȱtheȱ
carbonicȱliquidȱphaseȱisȱnotȱvisibleȱhereȱatȱroomȱtemperature,ȱbutȱclathrateȱ
nucleateȱ duringȱ theȱ coolingȱ runs;ȱ samplesȱ SUCH3Ȭ3ȬL.ȱ (E)ȱ
Pseudosecondaryȱ trailȱ ofȱ intermediateȱ densityȱ carbonicȱ (IDc)ȱ fluidȱ
inclusionsȱthatȱstartȱinȱtheȱQ2ȱquartzȱgeneration;ȱsampleȱCSU1ȬAȬ1ȬAF.ȱ(Fȱ
andȱG)ȱPortraitȱofȱtwoȱIDcȱfluidȱinclusionsȱwithȱ30Ȭ50%ȱofȱbubbleȱvolumeȱ
andȱ twoȱ transparentȱ crystals;ȱ sampleȱ CSU2Ȭ4ȬE.ȱ (H)ȱ Parallelȱ secondaryȱ
trailsȱofȱliquidȱcarbonicȱ(Lcx)ȱfluidȱinclusions;ȱsampleȱSUCH1Ȭ6.3ȬP.ȱ(Iȱandȱ
J)ȱDetailȱofȱLcxȱfluidȱinclusionsȱinȱtheȱparallelȱtrails;ȱsampleȱSUCH1Ȭ6.3ȬP.ȱ
(KȱandȱL)ȱLiquidȱcarbonicȱ (Lc)ȱ fluidȱ inclusionsȱ inȱearlyȱ secondaryȱ trails.ȱ
Theseȱ fluidȱ inclusionsȱ usuallyȱ areȱ lackȱ ofȱ daughterȱ crystals;ȱ sampleȱ
CSU1AȬU.ȱ (Mȱ andȱN)ȱTwoȱportraitȱ ofȱbrineȱpoliphaseȱ (Bpol)ȱ inclusionsȱ
withȱ halite,ȱ sylviteȱ andȱ 1ȱ orȱ 2ȱmoreȱ crystals;ȱ sampleȱ SUCHȱ 5ȬS.ȱ (O)ȱAȱ
pseudosecondaryȱ trailȱofȱBpolȱ fluidȱ inclusions;ȱ sampleȱSUCH3Ȭ5ȬUW.ȱ (Pȱ
andȱ Q)ȱ Haliteȱ saturatedȱ brineȱ (B)ȱ fluidȱ inclusions;ȱ samplesȱ SU88ȱ andȱ
SUCH1ȱrespectively.ȱ
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Liquidȱ carbonicȱ fluidȱ inclusionsȱ (Lcx,ȱFig.ȱ7Hȱ toȱ7J)ȱareȱhigherȱ inȱdensityȱ
(20Ȭ30ȱ%ȱbubbleȱvol.)ȱ thanȱ theȱ IDcȱonesȱandȱusuallyȱ theȱ liquidȱCO2ȱphaseȱ canȱbeȱ
observedȱ atȱ roomȱ temperature.ȱMostȱ ofȱ themȱ alsoȱ showȱ twoȱ smallȱ transparentȱ
crystals.ȱAnotherȱgenerationȱofȱliquidȱcarbonicȱfluidȱinclusionsȱ(Lc,ȱFig.ȱ7Kȱandȱ7L)ȱ
isȱ petrographicallyȱ indistinguishableȱ toȱ theȱ Lcxȱ one,ȱ exceptȱ thatȱ someȱ ofȱ theseȱ
inclusionsȱdoȱnotȱhaveȱdaughterȱcrystals,ȱtheȱCO2ȱ liquidȱphaseȱ isȱmoreȱdifficultȱtoȱ
observeȱandȱprincipally,ȱthatȱtheyȱoccurȱatȱpetrographicallyȱdifferentȱpositions.ȱȱ
Brineȱpolyphaseȱfluidȱinclusionsȱ(Bpol,ȱFig.ȱ7M,ȱ7Nȱandȱ7O)ȱcontainȱaȱsmallȱ
bubbleȱ (10Ȭ20ȱ%ȱvol.)ȱandȱhaveȱupȱ toȱ threeȱdaughterȱcrystalsȱ includingȱhaliteȱandȱ
sylvite.ȱ
Brineȱfluidȱinclusionsȱ(B,ȱFig.ȱ6Pȱandȱ6Q)ȱconsistȱofȱanȱaqueousȱliquidȱphaseȱ
andȱaȱhaliteȱcrystal.ȱ
Liquidȱ aqueousȱ fluidȱ inclusionsȱ (La)ȱhaveȱ smallȱbubblesȱ (5Ȭ10%)ȱ andȱ areȱ
highlyȱirregularȱandȱflatȱinȱshape.ȱ
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II.5.2.ȱDistributionȱofȱtheȱfluidȱinclusions:ȱrelativeȱtimingȱofȱfluidȱentrapmentȱ
Theȱpreciseȱtimingȱofȱfluidȱinclusionȱgenerationsȱrelativeȱtoȱtheȱmainȱsulfidesȱ
andȱgoldȱprecipitationȱinȱSultanaȱisȱusuallyȱdifficultȱtoȱconstrain,ȱevenȱwhenȱthereȱisȱ
aȱ clearȱ pictureȱ ofȱ theȱ differentȱ stagesȱ ofȱ quartzȱ growth.ȱ Inȱ theȱmostȱ earlierȱ andȱ
deformedȱ Q1ȱ quartz,ȱ fluidȱ inclusionsȱ areȱ abundantȱ andȱ randomlyȱ distributedȱ
makingȱ theȱ petrographyȱ difficult.ȱ Thisȱ isȱwhyȱweȱ haveȱ usedȱ systematicallyȱ theȱ
combinationȱofȱfluidȱinclusionȱpetrographyȱandȱSEMȬcathodoluminescenceȱimagesȱ
inȱallȱsamples,ȱ inȱorderȱ toȱassureȱ theȱcorrectȱ interpretationȱofȱ relativeȱ timing.ȱTheȱ
spatialȱdistributionȱofȱ theȱ fluidȱ inclusionȱ typesȱvariesȱverticallyȱ inȱaȱsingleȱcrystalȱ
togetherȱwithȱtheȱsuccessionȱofȱquartzȱgenerationsȱasȱfollowsȱ(Fig.ȱ8):ȱ
TheȱbaseȱofȱtheȱcrystalȱisȱdominatedȱbyȱhighlyȱdeformedȱQ1ȱ(Fig.ȱ8.1),ȱwhereȱ
theȱ fluidȱ inclusionȱassemblagesȱareȱusuallyȱaffectedȱbyȱpostȬentrapmentȱprocessesȱ
suchȱ asȱ openingȱ andȱ refilling,ȱ decrepitation,ȱ etc.ȱ ȱAlmostȱ allȱ theȱ fluidȱ inclusionȱ
typesȱ areȱ randomlyȱ distributedȱ inȱ theȱ coreȱ ofȱ theȱ crystals.ȱ Sometimes,ȱ brineȱ
poliphaseȱ(Bpol)ȱandȱvaporȱ(Vc)ȱinclusionsȱappearȱtogetherȱbutȱtheirȱpossibleȱcoevalȱ
trappingȱ isȱ veryȱ difficultȱ toȱ prove.ȱ Parallelȱ trailsȱ ofȱ liquidȱ carbonicȱ (Lcx)ȱ fluidȱ
inclusionsȱ clearlyȱ postdateȱ deformation,ȱ andȱ crosscutȱ theȱ crystalȱ boundaries,ȱ
indicatingȱ thatȱ theyȱareȱ secondaryȱonȱ respectȱ toȱ theȱQ1ȱprecipitation.ȱTheseȱ trailsȱ
alsoȱ crosscutȱ theȱ youngerȱQ2ȱ generation,ȱ butȱ inȱ someȱ casesȱ theȱ relationshipsȱ areȱ
obscure.ȱ
Pseudosecondaryȱ (secondaryȱ inȱ someȱ cases)ȱ trailsȱ ofȱ intermediateȱ densityȱ
carbonicȱfluidȱinclusionsȱ(IDc)ȱareȱȱdifficultȱtoȱsituateȱinȱtheȱveinȱgrowthȱhistoryȱasȱ
theyȱareȱinvariablyȱinȱQ1ȱbutȱitȱisȱnotȱclearȱifȱtheyȱcrosscutȱorȱnotȱtheȱearlyȱstagesȱofȱ
theȱsecondȱgenerationȱofȱquartz.ȱ
Clearȱpseudosecondaryȱvaporȱcarbonicȱ (Vc)ȱ fluidȱ inclusionȱassemblagesȱareȱ
associatedȱ toȱ theȱ growthȱ zonesȱ ofȱ Q2ȱ (Fig.ȱ 8.1).ȱ Theyȱ occurȱ asȱ wellȱ defined,ȱ
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consistentȱandȱabundantȱpseudosecondaryȱ trailsȱofȱ fluidȱ inclusions.ȱ Inȱ twoȱofȱ theȱ
studiedȱ samplesȱ (SUCH3ȱ andȱ SUCH1),ȱ theȱ vaporȱ carbonicȱ fluidȱ inclusionȱ
assemblagesȱ areȱ situatedȱ inȱ theȱ sameȱgrowthȱ zoneȱwhereȱbrineȱpolyphaseȱ (Bpol)ȱ
fluidȱ inclusionȱ trailsȱ start,ȱ suggestingȱ theirȱ spatialȱ coexistence.ȱEvenȱmore,ȱ insideȱ
twoȱ vaporȱ carbonicȱ pseudosecondaryȱ trails,ȱ aȱ fewȱ isolatedȱ brineȱ poliphaseȱ
inclusionsȱcanȱbeȱalsoȱrecognized.ȱȱ
Again,ȱliquidȱcarbonicȱ(Lc)ȱfluidȱinclusionȱtrailsȱareȱfoundȱasȱhealedȱfracturesȱ
crosscuttingȱallȱtheȱQ2ȱandȱcontinuingȱalongȱQ1ȱ(Fig.ȱ8.2).ȱHowever,ȱasȱtheyȱdoȱnotȱ
crosscutȱtheȱbasisȱofȱtheȱQ1,ȱweȱconsiderȱthemȱasȱsecondaryȱbutȱinȱaȱlaterȱgenerationȱ
thanȱtheȱpetrographicallyȱundistinguishableȱparallelȱtrailsȱinȱQ1.ȱ
Liquidȱaqueousȱ(La)ȱandȱbrineȱinclusionsȱ(B)ȱareȱclearlyȱtheȱlatestȱrecognizedȱ
generationsȱinȱtheȱsystemȱandȱtheyȱtakeȱplaceȱasȱsecondaryȱtrailsȱcrosscuttingȱallȱtheȱ
quartzȱgenerations.ȱTheȱmicrothermometryȱ resultsȱ (seeȱnextȱ section)ȱalsoȱ confirmȱ
thatȱtheseȱfluidsȱpostdateȱtheȱmainȱmineralizationȱevent.ȱ
Figureȱ8.ȱ (nextȱpage)ȱ ȱSketchȱofȱ theȱpetrographicȱ relationshipsȱ inȱaȱquartzȱcrystalȱ
(sampleȱSUCH2)ȱ(Fig.ȱ8.1)ȱandȱinȱaȱsampleȱwithȱintergrownȱchalcopyriteȬ
quartzȱ (sampleȱ CSU2Ȭbis)ȱ (Fig.ȱ 8.2),ȱ summarizedȱ fromȱ observationsȱ inȱ
severalȱ doublyȱ polishedȱ thickȱ sections.ȱ Theȱ quartzȱ domainsȱ interpretedȱ
formȱ theȱSEMȬCLȱareȱalsoȱ shownȱ inȱorderȱ toȱmakeȱ clearȱ theȱ correlationȱ
betweenȱtheȱpetrographyȱandȱtheȱquartzȱgenerations.ȱNoteȱthatȱinȱtheȱFig.ȱ
8.2Cȱsometimesȱ isȱdifficultȱ toȱdistinguishȱbetweenȱsomeȱ IDc,ȱLcȱandȱLcxȱ
fluidȱ inclusionȱ generations.ȱAmongȱ others,ȱmicrothermometryȱ andȱ LAȬ
ICPMSȱ analysisȱ onȱ allȱ theseȱ fluidȱ inclusionȱ assemblagesȱ haveȱ beenȱ
performed.ȱ
ȱȱ
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II.6.ȱMicrothermometricȱdataȱandȱRamanȱresultsȱ
Theȱdeterminationȱ andȱ interpretationȱ ofȱ theȱ temperatureȱ ofȱphaseȱ changesȱ
withinȱ theȱ fluidȱ inclusionsȱ duringȱ heatingȱ andȱ coolingȱ runsȱ (microthermometry)ȱ
hasȱ beenȱ performedȱ onlyȱ inȱ clearlyȱ definedȱ fluidȱ inclusionȱ assemblagesȱ selectedȱ
fromȱtheȱpetrography.ȱThereȱisȱaȱmoderatelyȱtoȱgoodȱconsistencyȱofȱtheȱdataȱwithinȱ
mostȱ ofȱ themȱ indicatingȱ aȱ goodȱpreservationȱ ofȱ theȱ originalȱ featuresȱ inȱ theȱ fluidȱ
inclusions.ȱ Inȱ addition,ȱ threeȱ orȱ fourȱ representativeȱ fluidȱ inclusionsȱ ofȱ eachȱ
generationȱwereȱqualitativeȱandȱquantitativeȱanalyzedȱbyȱRamanȱ spectroscopyȱ inȱ
orderȱtoȱknowȱtheȱpossibleȱpresenceȱofȱgasesȱotherȱthanȱCO2ȱinȱtheȱvaporȱphaseȱandȱ
theirȱrespectiveȱmolarȱ fractions.ȱAȱsummaryȱofȱallȱmicrothermometricȱandȱRamanȱ
resultsȱisȱgivenȱinȱtheȱTableȱ4ȱandȱtheȱallȱdataȱsetȱisȱgivenȱinȱtheȱAppendixȱIIBȱandȱ
IIDȱofȱthisȱthesis.ȱ
Lowȱdensityȱvaporȱcarbonicȱinclusionsȱ(Vc)ȱshowȱvariabilityȱinȱtheȱdataȱdueȱ
toȱ theȱ smallȱ proportionȱ ofȱ liquidȱ aqueousȱ phaseȱwhichȱmakesȱ theȱ observationsȱ
difficult.ȱTheȱCO2ȱpresenceȱisȱconfirmedȱbyȱtheȱsolidȱCO2ȱmeltingȱ(Ȭ57ºȱtoȱȬ58ºC)ȱandȱ
RamanȱanalysisȱwhichȱindicateȱhighȱamountsȱofȱCO2ȱ(98.3%)ȱandȱminorȱCH4ȱ(1.7%)ȱ
withinȱ theȱ bubble.ȱ ȱ Theȱ clathrateȱmeltingȱ temperatures,ȱ obtainedȱ byȱ theȱ cyclingȱ
methodȱinȱsomeȱgoodȱassemblages,ȱyieldȱsalinitiesȱbetweenȱ2.4ȱandȱ3.4ȱwtȱ%ȱNaClȱ
eq.ȱ ȱWhenȱ visible,ȱ theȱ carbonicȱ phaseȱ homogenizesȱ viaȱ dewȱ pointȱ (toȱ theȱ vaporȱ
phase)ȱatȱ25.7ºȱ±ȱ2.4ȱ ºC.ȱFinalȱhomogenizationȱ temperatureȱoccursȱatȱ348ȱ ºȱ±ȱ17ȱ ºCȱ
determinedȱ onlyȱ inȱ someȱ inclusionsȱwithȱ protrusionsȱ orȱ pointyȱ tipsȱ (Fig.ȱ 7B)ȱ byȱ
bubbleȱ expansionȱ intoȱ theȱ vaporȱ phase.ȱ Theseȱmeasurementsȱ indicateȱminimumȱ
temperaturesȱdueȱtoȱtheȱdifficultyȱofȱtheȱobservations.ȱ
ȱTheȱtemperatureȱofȱphaseȱchangesȱinȱtheȱintermediateȱdensityȱcarbonicȱ(IDc)ȱ
fluidȱinclusionsȱareȱdifficultȱtoȱinterpret,ȱevenȱifȱtheyȱareȱlargeȱinȱsizeȱandȱgoodȱtoȱ
measure.ȱTheȱpresenceȱofȱliquidȱCO2ȱandȱtheȱRamanȱanalysisȱconfirmȱtheȱexistenceȱ
ofȱ CO2ȱ (92.6%)ȱ andȱ CH4ȱ (7.4%)ȱ inȱ theȱ vaporȱ phase.ȱ Theȱ clathrateȱ finalȱ meltingȱ
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temperatureȱisȱvariable,ȱevenȱwithinȱtheȱsameȱassemblagesȱ(betweenȱ0ȱºȱandȱ8ȱºC),ȱ
yieldingȱ alsoȱ variableȱ salinities,ȱ betweenȱ <4ȱ andȱ 15ȱwt%ȱNaClȱ eq.ȱWhenȱ visible,ȱ
homogenizationȱofȱCO2ȱoccursȱatȱ27.7±3.1ºCȱtoȱtheȱvaporȱandȱinȱaȱfewȱinclusionsȱtoȱ
theȱ liquidȱ phase.ȱ Theȱ totalȱ homogenizationȱ toȱ theȱ liquidȱ phaseȱ (fromȱ ~370ȱ toȱ
~480ºC)ȱ couldȱ onlyȱ beȱ measuredȱ inȱ someȱ inclusionsȱ dueȱ toȱ widespreadȱ
decrepitationȱbeforeȱ finalȱhomogenization.ȱFewȱofȱ themȱhomogenizeȱviaȱmeniscusȱ
fading.ȱȱ
ȱLiquidȱ carbonicȱ fluidȱ inclusionsȱ (Lcȱ andȱ Lcx)ȱ showȱ veryȱ consistentȱ dataȱ
withinȱ allȱ theȱmeasuredȱ FIA.ȱRamanȱ spectroscopyȱ showsȱ theȱ dominanceȱ ofȱCO2ȱ
(98.2ȱtoȱ98.7%)ȱwithȱsmallȱamountsȱofȱCH4ȱ(1.3ȱtoȱ1.8ȱ%)ȱinȱtheȱvaporȱphase.ȱTheȱCO2ȱ
liquidȱphaseȱhomogenizesȱviaȱdewȱpointȱatȱ23.9±0.9ȱ ºCȱ (Lc)ȱandȱ24.7±1.7ȱ ºCȱ (Lcx).ȱȱ
Theȱclathrateȱmeltingȱtemperaturesȱyieldȱsalinitiesȱofȱ9.7±1.1ȱ(Lc)ȱ ȱtoȱ11.4±1.3ȱ(Lcx)ȱ
wtȱ%ȱNaClȱeq.ȱandȱ theȱ totalȱhomogenizationȱ temperatureȱoccursȱatȱ351±8ȱ ȱ ºCȱandȱ
352±14ȱȱºCȱforȱLcȱandȱLcxȱrespectively,ȱbothȱtoȱtheȱliquidȱphase.ȱ
ȱTotalȱ homogenizationȱ ofȱ brineȱ polyphaseȱ (Bpol)ȱ andȱ brineȱ (B)ȱ fluidȱ
inclusionsȱ occursȱ intoȱ theȱ liquidȱ phaseȱ atȱ 348ȱ ºȱ ±ȱ 20ȱ ºCȱ andȱ 169ȱ ºȱ ±ȱ 38ȱ ºCȱwithȱ
salinitiesȱofȱ40ȱ±ȱ3.1ȱandȱ31.4ȱ±ȱ1.8ȱwt%ȱNaClȱeq.ȱrespectively.ȱInȱsomeȱbrineȱ fluidȱ
inclusions,ȱ theȱ temperatureȱofȱdissolutionȱofȱ theȱhaliteȱ isȱsignificantlyȱhigherȱ thanȱ
thatȱ ofȱ theȱ bubbleȱdisappearance.ȱTheȱdifferenceȱ inȱ homogenizationȱ temperatureȱ
betweenȱ brineȱ andȱ brineȱ polyphaseȱ inclusionsȱ asȱ wellȱ asȱ theirȱ differentȱ
petrographicalȱ constrainȱ suggestȱ theȱ existenceȱ ofȱ twoȱ differentȱ inputsȱ ofȱ brineȱ
fluids,ȱoneȱrelatedȱtoȱtheȱmainȱoreȱformingȱeventȱandȱmostȱprobablyȱcoexistingȱwithȱ
theȱvaporȱphaseȱandȱaȱlaterȱone,ȱwithȱlowerȱtemperaturesȱandȱsalinities.ȱȱ
ȱLiquidȱaqueousȱ(La)ȱfluidȱinclusionsȱhaveȱiceȱmeltingȱtemperaturesȱbetweenȱ
6ȱ ºȱ andȱ 9ȱ ºC,ȱ indicatingȱ averageȱ salinitiesȱ ofȱ 11.9±2.7ȱ wt%ȱ NaClȱ eq.ȱ Theȱ finalȱ
homogenizationȱtemperatureȱoccursȱatȱ175±63ȱºC.ȱAsȱtheȱbrineȱinclusions,ȱtheyȱareȱ
Universidad Internacional de Andalucía, 2013 (Lectura en 2012)
ChapterII:TheSultanaCuͲAudeposit
 
63
interpretedȱasȱlateȱinȱtheȱfluidȱevolutionȱofȱtheȱveinȱandȱunrelatedȱtoȱtheȱmainȱore;ȱ
Ramanȱanalysisȱdoȱnotȱshowȱanyȱdissolvedȱgasȱinȱtheȱvaporȱphase.ȱ
ȱMicrothermometricȱdataȱofȱallȱfluidȱinclusionȱtypesȱareȱplottedȱinȱtheȱFigureȱ
9ȱasȱsalinityȱversusȱtotalȱhomogenizationȱtemperature.ȱPointȱsymbolsȱrepresentȱtheȱ
fluidȱ inclusionȱassemblagesȱwhereȱbothȱThtotȱandȱsalinityȱcouldȱbeȱdeterminedȱ inȱ
eachȱ fluidȱ inclusionȱ andȱ theȱ shadedȱ boxesȱ representȱ theȱ overallȱ rangesȱ forȱ eachȱ
type.ȱTheȱplotȱalsoȱshowsȱtheȱratherȱgoodȱinternalȱconsistencyȱwithinȱtheȱdifferentȱ
typesȱ ofȱ fluidȱ inclusions.ȱ Onlyȱ inȱ someȱ brineȱ (B)ȱ inclusionsȱ theȱ dataȱ areȱ moreȱ
widespread.ȱ ȱ Takingȱ inȱ accountȱ theȱ homogenizationȱ temperaturesȱ andȱ theȱ
petrography,ȱmostȱ ofȱ theȱ veinȱ fillingȱ andȱ oreȱprecipitationȱ occurredȱ inȱ aȱ narrowȱ
temperatureȱ range,ȱ betweenȱ 350ºȱ andȱ 500ȱ ºC.ȱNoteȱ thatȱ asȱweȱ discussȱ later,ȱ theȱ
trappingȱpressureȱandȱtemperaturesȱfromȱtheȱcoexistingȱvaporȱandȱbrineȱpoliphaseȱ
fluidȱinclusionsȱcanȱbeȱshiftedȱdueȱtoȱtheȱpresenceȱofȱCO2ȱandȱsaltsȱotherȱthanȱNaCl.ȱ
ȱ
Tableȱ 4.ȱ (nextȱ page)ȱ Summaryȱ ofȱ microthermometricȱ dataȱ andȱ Ramanȱ
spectroscopicȱanalyses.ȱAbbreviations:ȱVc,ȱvaporȱcarbonic;ȱBpol,ȱbrineȱ
polyphase;ȱIDc,ȱintermediateȱdensityȱcarbonic;ȱLc,ȱliquidȱcarbonicȱearlyȱ
secondaryȱtrails;ȱLcx,ȱliquidȱcarbonicȱparallelȱtrailsȱinȱtheȱbaseȱofȱQ1;ȱB,ȱ
brine;ȱLa,ȱ liquidȱ aqueous;ȱ c,ȱ carbonateȱ crystals;ȱ o,ȱ opaqueȱ (daughter?ȱ
accidentallyȱ trapped?)ȱ crystals;ȱHal,ȱ halite;ȱ Silv,ȱ sylvite;ȱ L,ȱ liquid;ȱV,ȱ
vapor.ȱBubbleȱinfillȱhasȱbeenȱopticallyȱestimatedȱunderȱtheȱmicroscope.ȱ
Theȱnumbersȱrepresentȱtheȱaveragesȱofȱallȱtheȱfluidȱinclusionsȱincludedȱ
inȱ eachȱ typeȱ ofȱ FIAȱ withȱ theȱ respectiveȱ standardȱ deviation.ȱ Inȱ gasȱ
speciesȱ molarȱ fractionsȱ (Ramanȱ results),ȱ theȱ dataȱ areȱ subjectȱ toȱ
uncertaintiesȱdueȱtoȱtheȱvolumeȬareaȱcalculations.ȱȱ
ȱ
ȱ
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Figureȱ9.ȱPlotȱofȱtheȱsalinityȱ(measuredȱfromȱtheȱclathrate,ȱhaliteȱandȱ iceȱmeltingȱ
dissolutionȱ temperatures)ȱ versusȱ theȱ totalȱ homogenizationȱ
temperaturesȱofȱallȱtheȱinclusionȱtypes.ȱTheȱdifferentȱsymbolsȱrepresentȱ
theȱ fluidȱ inclusionȱassemblagesȱwhereȱbothȱ theȱThomȱandȱ theȱsalinityȱ
couldȱ beȱ determinedȱ inȱ theȱ inclusionsȱ andȱ theȱ boxesȱ representȱ theȱ
overallȱrangeȱforȱeachȱtype.ȱ
II.7.ȱ Density,ȱ molarȱ volumeȱ calculationsȱ andȱ minimumȱ
pressureȱ–ȱtemperatureȱestimationsȱȱ
ȱTheȱ density,ȱ CO2ȱ molȱ fractionȱ andȱ minimumȱ pressure–temperatureȱ
estimationsȱofȱtheȱdifferentȱfluidsȱthatȱcirculatedȱthroughȱtheȱSultanaȱveinȱareȱhereȱ
constrainedȱforȱlatterȱdiscussion.ȱOneȱofȱtheȱrequirementsȱtoȱbuildȱtheȱmodelȱisȱtheȱ
determinationȱ ofȱ theȱ homogenizationȱ temperatureȱ ofȱ theȱCO2ȱ (ThCO2)ȱ toȱ liquid,ȱ
vaporȱorȱ criticalȱphases.ȱThCO2ȱmeasurementsȱ canȱhaveȱaȱ largeȱerrorȱevenȱunderȱ
detailedȱobservationsȱbecauseȱ theȱphaseȱchangesȱ inȱ theȱCO2ȱphaseȱareȱdifficultȱ toȱ
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observe.ȱInȱorderȱtoȱminimizeȱtheȱerror,ȱweȱtriedȱtoȱselectȱirregular,ȱelongatedȱandȱ
pencilȱshapedȱfluidȱinclusionsȱinȱwhichȱtheȱdisappearanceȱofȱtheȱmeniscusȱisȱmoreȱ
obviousȱ(Fig.ȱ10).ȱInȱaddition,ȱtheȱvisualȱestimationȱofȱtheȱvolumeȱproportionsȱcanȱ
alsoȱ carryȱ largeȱuncertaintiesȱdueȱ toȱ theȱ absenceȱ ofȱ aȱ thirdȱdimensionȱunderȱ theȱ
microscopeȱ (Bakkerȱ etȱ al.,ȱ 1996;ȱ Bakkerȱ andȱ Diamond,ȱ 2006).ȱ Theseȱ errorsȱ inȱ
estimatingȱ theȱ ThomCO2ȱ andȱ theȱ volumeȱ proportionsȱ haveȱ aȱ largeȱ effectȱ onȱ
calculatedȱdensityȱandȱtherefore,ȱonȱtheȱisochoreȱslopes.ȱȱ
Figureȱ10.ȱFourȱexamplesȱofȱ fluidȱ inclusionsȱ (AȱandȱB,ȱVcȱ typeȱandȱCȱandȱD,ȱIDcȱ
type)ȱwhereȱtheȱliquidȱCO2ȱphaseȱisȱnotȱobservableȱatȱroomȱtemperatureȱ
(Aȱ andȱC)ȱ andȱwhere,ȱ forȱ theȱ sameȱ typeȱ ofȱ fluidȱ inclusion,ȱ itȱ isȱ easilyȱ
observableȱ thanksȱ toȱ theȱ irregularȱ andȱ elongatedȱ shapesȱ (Bȱ andȱ D).ȱ
Measurementsȱ areȱ thusȱdependentȱonȱ theȱopticalȱvisibilityȱofȱ theȱ fluidȱ
inclusionsȱ
Universidad Internacional de Andalucía, 2013 (Lectura en 2012)
ChapterII:TheSultanaCuͲAudeposit
 
67
II.7.1.ȱDensityȱ
ȱTheȱdensityȱcalculationsȱofȱ theȱbrineȱ (B),ȱbrineȱpolyphaseȱ (Bpol)ȱandȱ liquidȱ
aqueousȱ(La)ȱfluidȱinclusionsȱcanȱbeȱdeterminedȱassumingȱtheȱsimplifiedȱH2OȬNaClȱ
system,ȱandȱareȱcalculatedȱdirectlyȱfromȱtheȱmicrothermometricȱdata.ȱForȱ that,ȱweȱ
usedȱtheȱsowatflinc_inclusionȱcomputerȱprogramȱ(Driesner,ȱ2007ȱandȱDriesnerȱandȱ
Heinrich,ȱ 2007,ȱ www.geopetro.ethz.ch/people/td/sowat).ȱ Theȱ carbonicȱ fluidȱ
inclusionsȱ(Lcx,ȱLc,ȱVc,ȱIDcȱtypes)ȱcanȱbeȱassumedȱtoȱbelongȱtoȱtheȱH2OȬCO2Ȭ(CH4)ȱ
system.ȱHere,ȱ theȱ calculationȱ ofȱ theȱ bulkȱ compositionȱ andȱ theȱ densityȱ needsȱ anȱ
additionalȱ parameter,ȱ theȱ volumeȱproportionsȱ ofȱ theȱCO2ȱ andȱH2Oȱphaseȱ thatȱ isȱ
subjectȱtoȱaȱmajorȱerrorȱasȱmentionedȱbefore.ȱTheȱvolumeȱfractionsȱtogetherȱwithȱtheȱ
estimatedȱsalinityȱandȱtheȱmeasuredȱThCO2ȱallowȱcalculatingȱtheȱbulkȱdensityȱusingȱ
theȱ BULKȱ computerȱ programȱ (FLUIDSȱ package,ȱ Bakker,ȱ 2003;ȱ
http://fluids.unileoben.ac.at/Computer.html).ȱȱ
ȱTheȱestimatedȱbulkȱdensitiesȱofȱ theȱdifferentȱgroupsȱofȱ fluidȱ inclusionsȱareȱ
givenȱ theȱ Tableȱ 5.ȱ Note,ȱ forȱ example,ȱ thatȱ theȱ densityȱ ofȱ theȱ vaporȱ carbonicȱ
inclusionsȱ(Vc)ȱisȱcloseȱtoȱ0.43ȱg/cc,ȱandȱisȱprobablyȱoverestimatedȱsinceȱunderȱtheȱ
microscopeȱ theyȱ seemȱ toȱ beȱ ofȱ lowerȱ density.ȱ Inȱ suchȱ aȱway,ȱ theȱ densityȱ ofȱ theȱ
intermediateȱdensityȱ fluidȱ inclusionsȱ isȱ estimatedȱ toȱ beȱ closeȱ toȱ 0.77ȱ g/ccȱ andȱ asȱ
showedȱinȱtheȱFigureȱ6ȱtheyȱlookȱmoreȱlikeȱofȱintermediateȱdensity.ȱ
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Tableȱ5.ȱCalculatedȱbulkȱdensitiesȱandȱCO2,ȱH2Oȱandȱ[Na+ȱ+ȱClȬ]ȱfractionsȱinȱselectedȱ
assemblagesȱ belongingȱ toȱ allȱ theȱ fluidȱ inclusionȱ types.ȱ Theseȱ resultsȱ
dependȱonȱtheȱestimationȱofȱtheȱbubbleȱproportionsȱsoȱprobablyȱtheyȱareȱ
overestimatedȱ
II.7.2.ȱCO2ȱfractionȱandȱmolarȱvolumesȱ(Vm)ȱ
RamanȱspectroscopyȱanalysesȱconfirmȱtheȱpresenceȱofȱCO2ȱandȱCH4ȱgasesȱinȱ
theȱcarbonicȬbearingȱfluidȱinclusionsȱ(Tableȱ4).ȱTheȱCH4ȱproportionȱisȱlowȱinȱmostȱofȱ
theȱinclusionsȱandȱthus,ȱitȱcanȱbeȱneglectedȱduringȱtheȱestimationȱofȱtheȱCO2ȱfractionȱ
onȱrespectȱtoȱwaterȱandȱsaltȱcontent.ȱTheȱCO2ȱfractionȱandȱmolarȱvolumesȱhaveȱbeenȱ
calculatedȱusingȱtheȱsameȱcomputerȱprogramȱusedȱforȱtheȱdensityȱ(BULK,ȱBakker,ȱ
2003),ȱandȱtheȱresultsȱareȱgivenȱinȱtheȱTableȱ5.ȱȱ
II.7.3.ȱMinimumȱ trappingȱpressureȱ andȱ temperatureȱ estimations:ȱ calculationȱ ofȱ
theȱisochoresȱ
Theȱ estimationȱ ofȱ theȱminimumȱ trappingȱ pressureȱwasȱ obtainedȱ fromȱ theȱ
constructionȱ ofȱ isochores,ȱ definedȱ asȱ linesȱ ofȱ constantȱ volumeȱ inȱ theȱ PȬTȱ spaceȱ
(Goldsteinȱ andȱ Reynolds,ȱ 1994).ȱ Isochoresȱ haveȱ beenȱ calculatedȱ fromȱ theȱ
microthermometricȱdataȱ (salinityȱ andȱ totalȱhomogenizationȱ temperature)ȱ andȱ theȱ
fluidȱcompositionȱdataȱ(systemȱtypeȱandȱdensity).ȱInȱtheȱcaseȱofȱtheȱcarbonicȱfluidȱ
inclusionsȱ (IDc,ȱVc,ȱ Lcȱ andȱ Lcx),ȱ theȱ simplifiedȱH2OȬCO2ȬNaClȱ systemȱ hasȱ beenȱ
Type n Bulk Density (g/cc) XCO2 (%) XH2O (%) XNa
++Cl- (%)
Vc 5 0.43 28.7 70 1.1
IDc 9 0.77 10.4 85.5 4.1
Lcx 4 0.83 6.4 87.5 6.1
Lc 3 0.79 6.1 88.5 5.4
Bpol 4 1.08
B 5 1.12
La 3 0.94
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used.ȱThisȱwasȱdoneȱwithȱ theȱ ISOCȱ computerȱprogramȱ (FLUIDSȱpackage,ȱBaker,ȱ
2003)ȱwithȱtheȱEOSȱofȱ(BowersȱandȱHelgenson,ȱ1985;ȱBakker,ȱ1999b).ȱTheȱisochoresȱ
forȱtheȱB,ȱBpolȱandȱLaȱfluidȱinclusionsȱwereȱcalculatedȱwithȱtheȱsowatflinc_inclusionȱ
computerȱprogramȱ(Driesner,ȱ2007;ȱDriesnerȱandȱHeinrich,ȱ2007)ȱassumingȱtheȱH2OȬ
NaClȱsystem.ȱAfterȱconstructingȱ theȱ isochores,ȱanȱ independentȱPȱorȱTȱconstrainȱ isȱ
neededȱ forȱ realȱ trappingȱ conditionsȱ estimationsȱ exceptȱ forȱ theȱ clearlyȱ coexistingȱ
brineȱ polyphaseȱ andȱ vaporȱ fluidȱ inclusions.ȱ Thisȱ lateȱ onesȱ representȱ aȱ boilingȱ
assemblageȱand,ȱthus,ȱtheȱtemperatureȱandȱpressureȱofȱhomogenizationȱareȱcloseȱtoȱ
theȱtrappingȱones.ȱTheȱisochoreȱplotȱandȱtheȱinterpretationȱofȱtheȱPȬTȱconditionsȱareȱ
givenȱinȱtheȱdiscussionȱofȱthisȱchapterȱ(Fig.ȱ16).ȱȱȱ
II.8.ȱ LAȬICPMSȱ microanalyticalȱ results:ȱ elementȱ
concentrationsȱinȱtheȱfluidsȱ
Inȱ orderȱ toȱ reconstructȱ theȱ chemicalȱ evolutionȱ ofȱ theȱ hydrothermalȱ fluidsȱ
circulatingȱthroughȱtheȱvein,ȱ130ȱindividualȱfluidȱinclusionsȱfromȱ21ȱassemblagesȱofȱ
allȱ generationsȱwereȱmeasuredȱ byȱ LAȬICPMS.ȱ Theȱ Figure11ȱ showsȱ theȱ absoluteȱ
elementȱconcentrationsȱofȱ theȱ fluidȱ inclusionȱassemblages,ȱsortedȱaccordingȱ toȱ theȱ
petrographicallyȱ inferredȱ timingȱ sampleȱ evolutionȱ andȱ betweenȱ assemblages,ȱ
sortedȱaccordingȱ toȱdecreasingȱCuȱ concentration.ȱAverageȱelementȱ concentrationsȱ
areȱalsoȱgivenȱinȱtheȱTableȱ6ȱwithȱtheȱcorrespondingȱstandardȱdeviations.ȱInȱgeneral,ȱ
theȱanalysesȱofȱ theȱvaporȬrichȱ inclusionsȱ (Vc)ȱareȱ lessȱaccurateȱcomparedȱ toȱmoreȱ
salineȱandȱbrineȱ inclusionsȱdueȱ toȱ itsȱ lowerȱproportionȱofȱ liquidȱandȱ solutesȱ thatȱ
giveȱnotȱstrongȱsignals.ȱ
Thereȱ areȱ noȱ significantȱ differencesȱ inȱ theȱ absoluteȱ concentrationsȱ amongȱ
majorȱelementsȱ(Na,ȱK,ȱFe,ȱMn,ȱPb,ȱZn,ȱAs)ȱinȱallȱtheȱgenerationsȱofȱfluidȱinclusions,ȱ
showingȱratherȱuniformȱvaluesȱthroughȱtimeȱ(Fig.ȱ11).ȱCaȱisȱsometimesȱdifficultȱtoȱ
analyzeȱ inȱ theȱvaporȱ (Vc)ȱandȱ intermediateȱdensityȱ (IDc)ȱ fluidȱ inclusionsȱbecauseȱ
theȱvaluesȱareȱcloseȱ toȱ theȱdetectionȱ limitȱorȱbelowȱ it.ȱ Inȱ theȱbrineȱpolyphaseȱandȱ
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brineȱinclusionsȱCaȱisȱpresentȱsometimesȱinȱevenȱhigherȱconcentrationsȱthanȱNaȱ(49ȱ
wtȱ%ȱandȱ33ȱwtȱ%ȱCaȱinȱBpolȱoverȱ7.74ȱwtȱ%ȱandȱ11ȱwtȱ%ȱNaȱinȱB).ȱȱUnlikeȱmajorȱ
elements,ȱ Cuȱ variesȱ atȱ theȱ assemblageȬscale,ȱ withȱ lackingȱ ofȱ constantȱ valuesȱ
betweenȱ theȱ fluidȱ inclusionsȱ inȱ theȱ sameȱ assemblage.ȱ ȱ Thisȱ variabilityȱ hasȱ beenȱ
explainedȱeitherȱasȱindicativeȱofȱchangesȱinȱtheȱfluidȱcompositionȱinȱtheȱsourceȱorȱasȱ
dueȱtoȱpostentrapmentȱreequilibrationsȱinȱtheȱfluidȱinclusionsȱ(Liȱetȱal.,ȱ2009;ȱZajaczȱ
etȱal.,ȱ2009).ȱCopperȱvariesȱalsoȱ throughȱ theȱ time,ȱdecreasingȱoneȱ toȱ twoȱordersȱofȱ
magnitudeȱbetweenȱ theȱvaporȱ carbonicȱ (Vc,ȱ335±124ȱ ΐg/gȱ inȱ sampleȱVcass26L1)ȱ Ȭȱ
brineȱ poliphaseȱ (Bpol,ȱ 783±333ȱ ΐg/gȱ inȱ sampleȱ Bpolass30L2)ȱ andȱ theȱ earlyȱ
secondaryȱliquidȱcarbonicȱaqueousȱ(Lcx)ȱfluidȱinclusionsȱwhereȱitȱisȱbelowȱtheȱlimitȱ
ofȱdetectionȱ(exceptȱ1ȱΐg/gȱinȱsampleȱLcxass48L15.1)ȱ(Fig.ȱ11).ȱTheȱCuȱconcentrationȱ
inȱ theȱ intermediateȱdensityȱgenerationsȱ isȱ inȱ theȱ sameȱ rangeȱofȱ thatȱofȱvaporȱandȱ
brineȱ polyphaseȱ assemblagesȱ withȱ aȱ maximumȱ ofȱ 537±123ȱ ΐg/gȱ inȱ theȱ sampleȱ
IDcassIDAL18.ȱ Asȱ theȱ variabilityȱ withinȱ typesȱ isȱ significantlyȱ greaterȱ thanȱ theȱ
variabilityȱwithinȱassemblages,ȱweȱconsiderȱ thatȱ theȱdecreasingȱofȱ theȱCuȱcontentȱ
betweenȱ differentȱ generationsȱ (Figureȱ 11)ȱ overȱ thanȱ oneȱ orderȱ ofȱmagnitudeȱ isȱ
geologicallyȱrealȱandȱlikelyȱdueȱtoȱtheȱprecipitationȱofȱtheȱchalcopyrite.ȱInȱaddition,ȱ
LcxȱfluidȱinclusionsȱareȱclearlyȱsecondaryȱinȱtimeȱsoȱtheȱdecreasingȱofȱCuȱcontentȱisȱ
consistentȱtoȱitsȱprecipitationȱbeforeȱtheȱtrappingȱofȱtheȱLcxȱfluidȱinclusions.ȱ
ȱGoldȱ isȱdifficultȱ toȱanalyzeȱasȱ theȱconcentrationsȱareȱalmostȱalwaysȱcloseȱ toȱ
theȱ detectionȱ limitȱ andȱ theȱ signalsȱ areȱ difficultȱ toȱ interpretȱ dueȱ toȱ theȱ inclusionȱ
quality,ȱ size,ȱ contaminationȱ ofȱ theȱ sample,ȱ etc.ȱ Inȱ theȱ vaporȱ carbonicȱVcass26L1ȱ
assemblage,ȱ goldȱ reachesȱ concentrationsȱ ofȱ 9.5±6.6ȱ ΐg/gȱ whileȱ inȱ theȱ restȱ ofȱ
generationsȱisȱirregularȱwithȱvaluesȱbetweenȱ0.1ȱandȱ0.6ȱΐg/g.ȱHowever,ȱdueȱtoȱtheȱ
highȱvariabilityȱandȱpoorlyȱreproducibilityȱofȱtheȱdataȱitȱisȱdifficultȱtoȱestablishȱanyȱ
realisticȱtrendȱofȱvariationȱbetweenȱtheȱfluidȱinclusionȱtypes.ȱ
ȱSulfurȱisȱaȱparticularlyȱimportantȱelementȱbecauseȱitȱactsȱasȱligandȱofȱmetalsȱ
inȱ sulfidesȱ andȱ sulfateȱ complexes.ȱUnfortunately,ȱ determinationȱ ofȱ theȱ sulfurȱ byȱ
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LAȬICPMSȱ inȱ theȱ fluidȱ inclusionsȱ isȱ stillȱ difficultȱ (Guillongȱ etȱ al.,ȱ 2008a)ȱ evenȱ
thoughȱ someȱ recentȱ studiesȱhaveȱ shownȱ importantȱ improvementsȱ inȱ itsȱdetectionȱ
andȱdeterminationȱ(Seoȱetȱal.,ȱ2009).ȱInȱanyȱcase,ȱsomeȱinclusionsȱinȱthisȱstudyȱshowȱ
neatȱpeaksȱofȱsulfur,ȱwithȱconcentrationsȱasȱhighȱasȱ539.4±52.5ȱΐg/gȱ inȱ theȱsampleȱ
IDcassIDAL18ȱȱandȱȱ372.2±60.3ȱΐg/gȱinȱtheȱsampleȱLcass59L7W.ȱȱSulfurȱisȱbelowȱtheȱ
limitȱofȱdetectionȱ inȱ theȱvaporȱgenerationsȱbutȱstill,ȱ theȱupperȱ limitȱofȱdetectionȱ isȱ
veryȱhighȱinȱcomparisonȱtoȱtheȱotherȱtypesȱ(0.14ȱ%ȱwtȱinȱtheȱsampleȱVcass21L7VU)ȱ
suggestingȱaȱsignificantȱpresenceȱofȱSȱinȱtheseȱlowȱdensityȱfluids.ȱ
Otherȱelementsȱ likeȱBiȱandȱCeȱwereȱ includedȱ inȱ theȱanalyticalȱmenuȱ inȱ theȱ
lattermostȱ sessionsȱandȱ thus,ȱ thereȱ isȱaȱ lackȱofȱmeasurementsȱ thatȱmakesȱdifficultȱ
theȱ establishmentȱ ofȱ anyȱ trendȱ throughȱ theȱ evolutionȱ ofȱ theȱ vein.ȱHowever,ȱ fewȱ
analysesȱ showȱ thatȱ highestȱ concentrationsȱ inȱ Biȱ areȱ inȱ theȱ secondaryȱ Lcxȱ fluidȱ
inclusionsȱ(8ȱΐg/gȱinȱtheȱsampleȱLcxassL22).ȱȱ
Lateȱbrinesȱ(B)ȱhaveȱhighȱconcentrationsȱinȱallȱmajorȱelementsȱbutȱlessȱFeȱandȱ
Caȱ thanȱbrineȱpolyphaseȱ fluidȱ inclusions.ȱOreȱ formingȱ elementsȱ likeȱCu,ȱAu,ȱAs,ȱ
andȱ Sȱ areȱ alwaysȱ belowȱ theȱ limitȱ ofȱ detectionȱwhereasȱZnȱ andȱ Pbȱ areȱ stillȱ veryȱ
presentȱ inȱ theseȱ lateȱ fluids,ȱwithȱmaximumȱ concentrationsȱofȱ0.11±0.03ȱ%ȱwtȱ ȱZnȱ
andȱ803.9±43.9ȱΐg/gȱȱPbȱinȱtheȱsamplesȱBass34L10ȱandȱBass38L19ȱrespectively.ȱ
Figureȱ11ȱ(nextȱpage).ȱSalinityȱ(A),ȱhomogenizationȱtemperatureȱ(B)ȱandȱabsoluteȱ
elementȱ concentrationȱ (Cȱ andȱ D)ȱ evolutionȱ ofȱ fluidȱ inclusionsȱ inȱ theȱ
Sultanaȱvein.ȱTheȱfluidȱ inclusionȱevolutionȱ(fromȱ leftȱtoȱright)ȱ isȱbasedȱ
onȱ petrographicalȱ constraints.ȱ Theȱ verticalȱ scaleȱ onȱ theȱ elementalȱ
concentrationȱ plotsȱ isȱ logarithmicȱ forȱ highlightingȱ variationsȱ inȱ theȱ
ordersȱ ofȱ magnitude.ȱ Eachȱ pointȱ representsȱ aȱ fluidȱ inclusionȱ
assemblageȱandȱtheȱerrorȱbarsȱshowȱ1ࢼȱvariabilityȱwithinȱassemblages.ȱ
Theȱupperȱlimitȱofȱdetectionȱofȱtheȱassemblagesȱwhereȱallȱtheȱvaluesȱofȱ
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aȱcertainȱelementȱareȱbelowȱtheȱlimitȱofȱdetectionȱareȱnotȱplottedȱinȱtheȱ
diagramȱinȱorderȱtoȱhighlightȱtheȱrealȱvalues.ȱȱ
ȱȱ
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II.9.ȱInterpretationȱandȱdiscussionȱ
Theȱfluidȱinclusionȱstudyȱcombinedȱwithȱgeologicalȱandȱgeochemicalȱdataȱallowȱ
presentingȱanȱinterpretationȱandȱdiscussionȱofȱtheȱoriginȱofȱtheȱoreȬmetalsȱtransportingȱ
fluidsȱ asȱwellȱ asȱ theȱoreȱ formingȱprocessesȱ thatȱoperatedȱ inȱ theȱ SultanaȱCuȬAuȱveinȱ
deposit.ȱ Theȱ resultsȱ presentedȱ hereȱ addressȱ someȱ newȱ aspectsȱ thatȱ haveȱ notȱ beenȱ
entirelyȱresolvedȱinȱtheȱliteratureȱofȱtheȱintrusionȬrelatedȱmagmaticȱhydrothermalȱCuȱ–ȱ
Auȱdepositsȱandȱconfirmȱobservationsȱinȱotherȱstylesȱofȱmineralization.ȱ
II.9.1.ȱRepresentativenessȱofȱtheȱfluidȱinclusionsȱandȱpostentrapmentȱmodificationsȱȱ
Afterȱtheȱentrapmentȱofȱtheȱfluid,ȱdeformationȱandȱreheatingȱprocessesȱcanȱcauseȱ
changesȱ inȱ theȱ fluidȱ inclusionsȱ likeȱ theirȱ location,ȱ shape,ȱ volumeȱ andȱ chemicalȱ
compositionȱ (seeȱ Roedder,ȱ 1984;ȱ Goldsteinȱ andȱ Reynolds,ȱ 1994ȱ andȱ Audétatȱ andȱ
Günter,ȱ1999ȱ forȱanȱextensiveȱexplanationȱaboutȱpostentrapmentȱmodificationsȱ inȱ theȱ
fluidȱinclusions).ȱTheseȱchangesȱusuallyȱleadȱtoȱinaccurateȱinterpretations,ȱespeciallyȱinȱ
theȱ hydrothermalȱ environmentsȱwhereȱ theȱ temperatureȱ andȱ pressureȱ conditionsȱ areȱ
highlyȱvariableȱinȱshortȱtime.ȱThus,ȱinȱaȱsuitableȱfluidȱinclusionȱstudyȱisȱcriticalȱtoȱassesȱ
ifȱ theȱ inclusionsȱ areȱ reallyȱ representativeȱ ofȱ theȱ fluidsȱ thatȱ circulatedȱ throughȱ theȱ
hydrothermalȱsystem.ȱȱ
Mostȱ ofȱ theȱ studiedȱ fluidȱ inclusionsȱ showȱminorȱ evidenceȱ ofȱpostȬentrapmentȱ
modificationsȱexcludingȱthoseȱinȱtheȱbaseȱofȱtheȱquartzȱcrystals,ȱwhereȱtheȱdeformationȱ
isȱ larger.ȱ Theȱ variabilityȱ ofȱ theȱ dataȱ derivedȱ fromȱ theȱ microthermometryȱ andȱ LAȬ
ICPMSȱ elementalȱ concentrationsȱ inȱ theȱassemblagesȱ canȱbeȱ consideredȱasȱacceptable.ȱ
Theseȱconsiderationsȱindicateȱthatȱtheȱfluidȱinclusionsȱareȱrepresentativeȱsamplesȱofȱtheȱ
ancientȱfluidsȱthatȱcirculatedȱthroughȱtheȱsystem.ȱȱ
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II.9.2.ȱIntermediateȱdensityȱdeepȱfluidȱandȱphaseȱseparationȱ
Theȱfirstȱclearȱtexturallyȱdiscernibleȱgenerationȱofȱfluidȱinclusionsȱinȱtheȱeuhedralȱ
quartzȱbeforeȱ theȱoreȱprecipitationȱ isȱ thatȱofȱ likelyȱcoexistingȱvaporȱcarbonicȱ (Vc)ȱandȱ
brineȱpolyphaseȱ(Bpol)ȱfluidȱinclusions.ȱTheȱevidencesȱforȱthisȱcoetaneousȱtrappingȱareȱ
several:ȱtheyȱareȱlocatedȱinȱtheȱsameȱgrowthȱzonesȱofȱQ2ȱ(Fig.ȱ8.1),ȱtheȱhomogenizationȱ
temperaturesȱareȱveryȱsimilarȱwithinȱaȱnarrowȱintervalȱofȱuncertaintyȱ(348ºȱ±ȱ20ºC)ȱandȱ
theȱsalinitiesȱofȱtheȱvaporȱ(Vc)ȱandȱbrineȱpolyphaseȱ(Bpol)ȱ inclusionsȱareȱextremeȱ(2Ȭ3ȱ
wtȱ%ȱNaClȱ eq.ȱ vsȱ 40Ȭ42ȱ%ȱNaClȱ eq.ȱ respectively)ȱ asȱ occursȱ inȱ theȱ typicalȱ “boiling”ȱ
assemblages.ȱ Furthermore,ȱ inȱ someȱ vaporȱ richȱ assemblagesȱ (samplesȱ VcSUCH3assLȱ
andȱVcCSU1AassX)ȱthereȱareȱoneȱorȱtwoȱsmallȱpolyphaseȱfluidȱinclusionsȱinȱtheȱmidȱorȱ
atȱ theȱ edgeȱ ofȱ theȱ assemblageȱ (Figs.ȱ 12A,ȱ 12Bȱ andȱ 12C)ȱ indicatingȱ theirȱ directȱ
coexistence.ȱ Intermediateȱ densityȱ fluidȱ inclusionsȱ (IDc)ȱ areȱ locatedȱ inȱQ1ȱ “starting”ȱ
beforeȱtheȱQ2ȱgenerationȱwhileȱinȱsomeȱassemblagesȱisȱdifficultȱtoȱensureȱthatȱtheȱtrailsȱ
doȱ notȱ startȱ inȱ Q2.ȱ However,ȱ itȱ seemsȱ clearȱ thatȱ theyȱ areȱ notȱ trappedȱ duringȱ theȱ
euhedralȱgrowingȱofȱ theȱQ2ȱ (Fig.ȱ8.1ȱandȱ8.2).ȱ ȱAlthoughȱpetrographicallyȱdifficultȱ toȱ
classify,ȱtheseȱfluidȱinclusionsȱareȱpotentialȱcandidatesȱtoȱrepresentȱaȱpulseȱofȱanȱearlyȱ
magmaticȱ fluidȱ thatȱ leadȱ toȱ theȱphaseȱ separationȱ intoȱ theȱbrineȱandȱ theȱvaporȱphase.ȱȱ
Thisȱ interpretationȱ isȱconsistentȱwithȱtheȱfactȱthatȱ theȱIDcȱ inclusionsȱshowȱtheȱhighestȱ
homogenizationȱ temperaturesȱ (>400ȱ ºC,ȱ minimumȱ trappingȱ temperaturesȱ
homogenizingȱintoȱtheȱliquidȱphase),ȱlowȱtoȱmoderateȱsalinitiesȱbetweenȱ<ȱ4ȱandȱ15ȱ%ȱ
NaClȱeq.,ȱandȱdensitiesȱbetweenȱ0.5ȱandȱ0.7ȱg/cc,ȱsuggestingȱthatȱtheȱfluidȱwasȱtrappedȱ
asȱaȱsingleȱphaseȱfluidȱinȱagreementȱwithȱtheȱPȬTȱfieldȱofȱtheȱsystemȱNaClȬH2Oȱ(Fig.ȱ13).ȱ
Veryȱsimilarȱintermediateȱdensityȱsingleȱfluidsȱareȱdescribedȱinȱdetailȱinȱtheȱdeepȱzonesȱ
ofȱ someȱ porphyryȱ copperȱ goldȱ deposits,ȱ andȱ areȱ consideredȱ asȱ representingȱ theȱ
parentalȱfluidȱascendingȱfromȱdeeperȱpartsȱofȱtheȱmagmaticȱhydrothermalȱsystemȱpriorȱ
toȱunmixingȱ(Redmondȱetȱal.,ȱ2004;ȱRuskȱetȱal.,ȱ2004).ȱ
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Figureȱ 12.ȱ Transmittedȱ lightȱ imagesȱ showingȱ brineȱ polyphaseȱ fluidȱ inclusionsȱ
coexistingȱ inȱ theȱsameȱgrowthȱzoneȱwithȱaȱvaporȱcarbonicȱassemblageȱ (A).ȱȱ
Smallȱbrineȱpolyphaseȱfluidȱinclusionsȱwithinȱ(B)ȱorȱatȱtheȱedgeȱ(C)ȱofȱvaporȬ
carbonicȱ fluidȱ inclusionȱ assemblagesȱ (sampleȱ SUCH3assL).ȱ (D)ȱ Threeȱ
intermediateȱdensityȱfluidȱinclusionsȱlocatedȱinȱaȱeuhedralȱgrowthȱzoneȱ(seeȱ
theȱSEMȬcathodoluminescenceȱimageȱinȱtheȱcaption)ȱfromȱaȱquartzȱcavityȱinȱ
theȱSantaȱOlallaȱhostȱpluton.ȱTheseȱfluidȱinclusionsȱareȱrareȱandȱtooȱsmallȱtoȱ
manage,ȱbutȱ theyȱcouldȱ representȱ theȱparentalȱ fluidȱofȱ theȱsystemȱ (Sampleȱ
SO1assID).ȱȱ
ȱAssumingȱ thatȱaȱsingleȱphaseȱ fluidȱwithȱ theȱ IDcȱcharacteristicsȱ ȱwasȱseparatedȱ
intoȱ brineȱ (Bpol)ȱ andȱ vaporȱ (Vc)ȱphases,ȱ theȱpossibleȱphysicalȱ evolutionȱpathȱ inȱ theȱ
wellȬconstrainedȱ twoȬphaseȱ stabilityȱdiagramȱ ofȱ theȱNaClȬH2Oȱ systemȱ (Driesnerȱ andȱ
Heinrich,ȱ2007)ȱcanȱbeȱreconstructed.ȱAnȱintermediateȱdensityȱ(0.40ȱ–ȱ0.5ȱg/cc)ȱfluidȱofȱ4ȱ
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toȱ15ȱ%ȱNaClȱeqȱsalinity,ȱ temperatureȱhigherȱ thanȱ400ºCȱandȱbroadlyȱestimatedȱ inputȱ
pressureȱ ofȱ 400ȱ toȱ 800ȱ barȱ (Fig.ȱ 9)ȱwillȱ intersectȱ theȱ twoȱphaseȱ surfaceȱ ȱ throughȱ theȱ
vaporȱ sideȱofȱ theȱcriticalȱcurveȱ (Fig.ȱ13)ȱ separatingȱ intoȱaȱdominantȱ lowȱ salineȱvaporȱ
andȱ aȱ littleȱ amountȱ ofȱbrineȱbyȱ theȱprocessȱ ofȱ condensationȱ (dropletsȱ ofȱhypersalineȱ
liquidȱseparatingȱfromȱaȱdominantȱvapor)ȱratherȱthanȱbyȱboiling,ȱthatȱoccursȱwhenȱtheȱ
inputȱhighȱsalineȱfluidȱintersectsȱthroughȱtheȱliquidȱsideȱ(LiebscherȱandȱHeinrich,ȱ2007).ȱȱ
Figureȱ 13.ȱPhaseȱdiagramȱ ofȱ theȱH2OȬNaClȱ systemȱ inȱ theȱPȬTȬsalinityȱ stabilityȱ spaceȱ
takenȱfromȱHeinrichȱetȱal.ȱ(2007)ȱandȱDriesnerȱandȱHeinrichȱ(2007).ȱTheȱblackȱ
arrowȱrepresentsȱtheȱevolutionȱofȱsingleȱphaseȱfluidȱwithȱtheȱcharacteristicsȱ
ofȱtheȱIDcȱgroupȱofȱfluidȱinclusionsȱatȱtheȱSultanaȱvein.ȱȱTheȱproposedȱpathȱ
intersectsȱtheȱvaporȱsideȱofȱtheȱcriticalȱcurve,ȱbelowȱwhichȱtwoȱphaseȱfluidsȱ
(brineȱ andȱvapor)ȱ coexist.ȱTheȱpresenceȱofȱCO2ȱ asȱwellȱ asȱ saltsȱotherȱ thanȱ
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NaClȱinȱtheȱfluidȱinclusionsȱwillȱshiftȱtheȱPTXȱrelationshipsȱbutȱatȱlowȱextentȱ
regardingȱtoȱtheȱmoderateȱcontentȱofȱCO2ȱinȱtheȱinclusions.ȱ
Theȱ presenceȱ ofȱminorȱ brineȱ phaseȱ condensationȱ duringȱ theȱ immiscibilityȱ isȱ
confirmedȱbyȱtheȱelementȱconcentrationsȱinȱtheȱfluids;ȱvaporȱandȱintermediateȱdensityȱ
fluidȱ inclusionsȱareȱ indistinguishableȱ inȱ termsȱofȱelement/Naȱ ratiosȱ inȱ theȱmajorityȱofȱ
elementsȱexceptȱforȱtheȱonesȱthatȱareȱbelowȱtheȱlimitȱofȱdetectionȱ(Fig.ȱ14).ȱBrines,ȱonȱtheȱ
otherȱhand,ȱ areȱ enrichedȱ inȱK/Na,ȱMn/Na,ȱZn/Na,ȱPb/Naȱ andȱCs/Naȱwithȱ respectȱ toȱ
parentalȱ fluidȱ (IDcȱ fluidȱ inclusions).ȱThisȱsuggestȱ thatȱvaporȱwasȱ theȱdominantȱphaseȱ
whenȱtheȱseparationȱfromȱanȱintermediateȱdensityȱfluidȱoccurredȱandȱisȱconfirmedȱalsoȱ
byȱtheȱhighȱnumberȱofȱvaporȱassemblagesȱonȱrespectȱtoȱtheȱbrineȱpoliphaseȱonesȱinȱtheȱ
Q2.ȱȱ
Despiteȱnotȱstudiedȱ inȱdetail,ȱsomeȱ intermediateȱdensityȱ fluidȱ inclusionsȱ inȱ theȱ
hostȱSantaȱOlallaȱPlutonicȱComplexȱcavitiesȱalsoȱshowȱhomogenizationȱtemperaturesȱasȱ
highȱasȱ450Ȭ500ȱ ºCȱandȱpoorlyȱconstrainedȱsalinitiesȱofȱ5ȱ toȱ15ȱ%ȱNaClȱeqȱ (Appendixȱ
IIB).ȱ Theyȱ areȱ similarȱ toȱ theȱ IDcȱ fluidȱ inclusionsȱ studiedȱ inȱ theȱ Sultanaȱ veinȱ andȱ
hypothetically,ȱ theyȱ couldȱ representȱ theȱ evidencesȱ ofȱ theȱ veryȱ earlyȱ fluidsȱ exsolvingȱ
fromȱ theȱ crystallizingȱ intrusion.ȱ However,ȱ theseȱ inclusionsȱ areȱ tooȱ smallȱ toȱ workȱ
reliableȱandȱ toȱestablishȱanyȱpetrographicȱ constrainȱ (Fig.ȱ12D).ȱMoreover,ȱ thereȱ isȱnoȱ
directȱ connectionȱ betweenȱ theȱ cavitiesȱ andȱ theȱ vein,ȱ despiteȱ hostedȱ byȱ theȱ sameȱ
intrusion,ȱ andȱmoreȱdetailedȱ studiesȱ areȱnecessaryȱ toȱproveȱ thatȱ theyȱ areȱgeneticallyȱ
linked.ȱ
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ȱFigureȱ 14.ȱ Fractionationȱ ofȱ theȱ analyzedȱ elementsȱ betweenȱ intermediateȱ densityȱ
(sampleȱIDcassIDAL18)ȱandȱcoexistingȱvaporȱ(A)ȱandȱbrineȱpoliphaseȱ(B)ȱ
fluidȱinclusionsȱ(sampleȱSUCH3ass26and30).ȱErrorȱbarsȱindicateȱ1ࢼȱofȱtheȱ
variabilityȱwithinȱoneȱassemblage.ȱ
Universidad Internacional de Andalucía, 2013 (Lectura en 2012)
ChapterII:TheSultanaCuͲAudeposit
 
81
II.9.3.ȱDidȱtheȱsulfidesȱandȱgoldȱprecipitatedȱduringȱtheȱquartzȱdissolution?ȱȱ
ȱSEMȱ ȬȱCathodoluminescenceȱ imagesȱ showȱ thatȱ theȱ sulfidesȱ areȱ alwaysȱ inȱ
directȱcontactȱwithȱtheȱsecondȱgenerationȱofȱquartzȱ(Q2,ȱFig.4)ȱstronglyȱsuggestingȱ
thatȱtheȱoreȱprecipitatedȱduringȱorȱafterȱtheȱdissolutionȱofȱQ1ȱandȱbeforeȱorȱtogetherȱ
withȱtheȱprecipitationȱofȱQ2.ȱTheȱQ1ȱshowsȱfracturation,ȱdiscontinuousȱboundaries,ȱ
networksȱ ofȱ microfractures,ȱ etc.ȱ indicatingȱ thatȱ itȱ sufferedȱ severalȱ pulsesȱ ofȱ
dissolutionȬprecipitation.ȱExperimentalȱstudiesȱofȱnumericalȱmodelingȱshowȱthatȱinȱ
pureȱwater,ȱ theȱ solubilityȱ ofȱ quartzȱ (i.e.ȱ theȱmaximumȱ SiO2ȱ amountȱ thatȱ canȱ beȱ
dissolvedȱinȱaȱcertainȱamountȱofȱwater)ȱdecreasesȱwithȱdecreasingȱtheȱtemperatureȱ
atȱ pressuresȱ greaterȱ thanȱ 750ȱ barȱ (Fournier,ȱ 1999).ȱ Aȱ dropȱ inȱ pressureȱ (fromȱ
lithostaticȱ atȱ aroundȱ 2000ȱ barȱ toȱ hydrostaticȱ atȱ 700ȱ barȱ conditions)ȱ causesȱ silicaȱ
oversaturationȱbecauseȱtheȱsolubilityȱdecreasesȱandȱthus,ȱquartzȱprecipitatesȱinȱtheȱ
openȱspacesȱofȱtheȱveinȱ(Fig.ȱ15A,ȱRuskȱandȱReed,ȱ2002).ȱAtȱlowerȱpressuresȱ(ƿȱ300ȱ
bar)ȱ andȱ inȱ slightlyȱ salineȱwaterȱ (2ȱ Ȭȱ 5ȱwtȱ%ȱNaClȱ eq.),ȱ thisȱ directȱ dependenceȱ
switchesȱtoȱaȱreverseȱsolubilityȬtemperatureȱdependenceȱ(theȱ“retrogradeȱsolubilityȱ
ofȱ quartz”)ȱ whereȱ theȱ solubilityȱ increasesȱ whileȱ coolingȱ andȱ quartzȱ dissolutionȱ
occurs.ȱ ȱRegardingȱ toȱ theȱSEMȬCLȱ imagesȱandȱ theirȱ texturalȱ relationshipȱwithȱ theȱ
fluidȱ inclusionȱ assemblages,ȱ theȱ fluidsȱ cooledȱ fromȱ temperaturesȱ upȱ toȱ 400ºCȱ
throughȱ theȱ retrogradeȱ solubilityȱ pathȱ dissolvingȱ quartzȱ untilȱ theȱ pointȱ whichȱ
furtherȱcoolingȱ ledȱ toȱ theȱsecondȱgenerationȱofȱquartzȱprecipitationȱasȱwellȱasȱ theȱ
sulfideȱ precipitationȱ (Fig.ȱ 15B).ȱ Highlyȱ salineȱ fluidsȱ doȱ notȱ showȱ retrogradeȱ
solubilityȱasȱtheȱsolubilityȱofȱquartzȱdecreasesȱwhileȱcoolingȱsoȱprobablyȱtheȱvaporȱ
carbonicȱ lowȱ salineȱ (Vc,ȱ 2Ȭ3ȱ wtȱ %ȱ NaClȱ eq.)ȱ fluidȱ wasȱ theȱ dominantȱ quartzȱ
dissolutionȱagentȱduringȱcooling.ȱ
ȱ
ȱ
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Figureȱ15.ȱSolubilityȱofȱquartzȱinȱpureȱwaterȱatȱdifferentȱpressuresȱ(A)ȱandȱinȱwaterȱ
withȱ variableȱ salinitiesȱ atȱ 300ȱ barȱ (B).ȱ Theȱ arrowȱ inȱ theȱ pureȱ waterȱ
diagramȱ showsȱ theȱhypotheticalȱpathȱ followedȱbyȱ theȱ fluidsȱ relatedȱ toȱ
theȱ precipitationȱ ofȱ theȱ Q1ȱ generationȱ dueȱ toȱ theȱ evolutionȱ fromȱ
lithostaticȱ toȱ nearȱ hydrostaticȱ fluidȱ pressuresȱ (fromȱ Ruskȱ andȱ Reed,ȱ
2002).ȱWhenȱcoolingȱ fromȱ450ºȱ toȱ350ºCȱ (estimatedȱ temperaturesȱofȱ theȱ
ID,ȱVcȱandȱBpolȱoreȬrelatedȱfluidȱ inclusionsȱ inȱSultana)ȱtheȱsolubilityȱofȱ
quartzȱincreasesȱ(1)ȱleadingȱtoȱtheȱdissolutionȱofȱQ1.ȱWithȱfurtherȱcoolingȱ
theȱ openȱ spaceȱ isȱ filledȱ byȱ theȱ secondȱ generationȱ ofȱ quartzȱ andȱ theȱ
sulfidesȱ(2).ȱModifiedȱafterȱFournierȱ(1999).ȱȱ
II.9.4.ȱPressureȱandȱtemperatureȱformationȱconditionsȱofȱtheȱfluidsȱ
Theȱisochoreȱplotsȱshowȱthatȱtheȱtrappingȱconditionsȱforȱtheȱfluidȱinclusionsȱ
areȱ consistentȱ withȱ aȱ wideȱ rangeȱ ofȱ temperaturesȱ andȱ pressuresȱ (Fig.ȱ 16).ȱ
However,ȱtheȱslopeȱandȱlocationȱofȱtheȱisochoresȱisȱsubjectȱtoȱlargeȱvariationsȱdueȱ
toȱtheȱuncertaintiesȱinȱtheȱcalculationȱofȱtheȱdensitiesȱandȱtheȱoversimplificationȱofȱ
theȱfluidȱsystem.ȱAnȱearlyȱintermediateȱdensityȱcarbonicȱ(IDc)ȱfluidȱwithȱaverageȱ5ȱ
wt%ȱ NaClȱ eq.ȱ thatȱ homogenizesȱ betweenȱ 378ȱ andȱ 474ºCȱ yieldsȱ aȱ minimumȱ
trappingȱ pressureȱ ofȱ aroundȱ 800Ȭ1200ȱ barȱ withoutȱ anyȱ pressureȱ correction,ȱ inȱ
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agreementȱwithȱtheȱpressureȱemplacementȱconditionsȱofȱtheȱSantaȱOlallaȱPlutonicȱ
Complexȱ(500ȱ–ȱ1000ȱbar,ȱCasquet,ȱ1980)ȱandȱconsistentȱwithȱitsȱtrappingȱcloseȱtoȱ
theȱtwoȱphaseȱfluidȱsurface.ȱ
Inȱ theȱ inclusionsȱ trappedȱ underȱ immiscibilityȱ conditionsȱ (“boilingȱ
assemblages”,ȱ Vcȱ andȱ Bpol),ȱ theȱ absoluteȱ pressureȱ estimationȱ canȱ beȱ directlyȱ
obtainedȱfromȱtheȱ isochoresȱ(Roedder,ȱ1984;ȱGoldsteinȱandȱReynolds,ȱ1994),ȱwithȱ
estimatedȱtrappingȱpressuresȱofȱ200ȱtoȱ400ȱbarȱandȱtemperaturesȱofȱ370ȱtoȱ400ºC.ȱ
TheseȱPȬTȱconditionsȱareȱslightlyȱhigherȱthanȱthoseȱcalculatedȱonȱtheȱbasisȱofȱtheȱ
NaClȬH2Oȱ twoȬphaseȱ surfaceȱ system,ȱ i.e.,ȱ 150Ȭ200ȱ barȱ andȱ 340–350ºCȱ (Fig.9).ȱAȱ
reasonȱforȱthisȱ inconsistencyȱ isȱthatȱtheȱ laterȱareȱprobablyȱunderestimatedȱdueȱtoȱ
theȱpresenceȱofȱsaltsȱotherȱthanȱNaClȱandȱCO2ȱgasȱdissolvedȱ inȱtheȱfluidȱ(Bodnarȱ
andȱ Vityk,ȱ 1994;ȱ Driesnerȱ andȱ Heinrich,ȱ 2007).ȱ Theseȱ conditionsȱ areȱ alsoȱ inȱ
correspondenceȱwithȱtheȱPȬTȱfieldȱofȱtheȱretrogradeȱsolubilityȱofȱsilicaȱ(Fig.ȱ14).ȱ
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Figureȱ16.ȱPressureȬtemperatureȱplotȱshowingȱtheȱcalculatedȱisochoresȱforȱtheȱsevenȱ
typesȱ ofȱ fluidȱ inclusion.ȱ Previouslyȱ estimatedȱ PȬTȱ conditionsȱ forȱ theȱ
hostingȱ Santaȱ Olallaȱ plutonȱ areȱ alsoȱ shown,ȱ correspondingȱ toȱ theȱ
trappingȱpressuresȱforȱtheȱearlyȱIDȱfluids.ȱTheȱoreȱformingȱeventȱoccursȱ
approximatelyȱbetweenȱ200ȱandȱ400ȱbarȱandȱ450ȱºȱandȱ350ȱºC.ȱ
II.9.5.ȱFluidȱandȱmetalȱsource:ȱmagmaticȱvs.ȱmetamorphicȱoriginȱȱ
ȱInȱtheȱ literatureȱonȱorogenicȱ(metamorphic)ȱgoldȱandȱ intrusionȬrelatedȱgoldȱ
systems,ȱ thereȱ isȱ noȱ consensusȱ aboutȱ theȱ ultimateȱ sourceȱ ofȱ theȱ oreȱ fluidsȱ andȱ
metalsȱ(seeȱLang,ȱ2001;ȱGrovesȱetȱal,ȱ2003;ȱPhillipsȱetȱal,ȱ2010ȱforȱreviewsȱofȱthisȱtypeȱ
ofȱdeposits).ȱMetamorphicȱrocksȱareȱknownȱtoȱbeȱanȱimportantȱsourceȱinȱgoldȬonlyȱ
depositsȱ byȱ processesȱ ofȱ metamorphicȱ devolatilizationȱ atȱ theȱ greenschistȱ toȱ
amphiboliteȱfaciesȱtransitionȱ(RidleyȱandȱDiamond,ȱ2000;ȱPhillipsȱetȱal,ȱ2010).ȱFluidsȱ
inȱ theseȱ systemsȱ areȱ commonlyȱ lowȱ salineȱ (<10ȱ wt%ȱ NaClȱ eq.),ȱ CO2±CH4±N2Ȭ
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bearingȱ andȱ trappedȱ atȱ pressureȬtemperatureȱ conditionsȱ rangingȱ fromȱ 0.5ȱ toȱ 4.5ȱ
kbarȱandȱ200ȱtoȱ400ºC,ȱrespectively.ȱTheseȱfluidsȱareȱusuallyȱricherȱinȱvolatilesȱandȱ
haveȱ lowerȱ salinitiesȱ thanȱ thoseȱ associatedȱ withȱ intrusionȬrelatedȱ systems.ȱ
Furthermore,ȱtheyȱshowȱaȱclearȱassociationȱwithȱlargeȱstructuresȱthatȱfocusedȱfluidȱ
flow,ȱ beingȱ associatedȱ orȱ slightlyȱ postdatingȱ regionalȱ metamorphism.ȱ Inȱ theȱ
intrusionȬrelatedȱgoldȱdeposits,ȱmetamorphicȱ fluidsȱ canȱbeȱ alsoȱderivedȱ fromȱ theȱ
hostingȱ volcanosedimentaryȱ andȱ peliticȱ rocksȱ (Powellȱ etȱ al.,ȱ 1991;ȱ Stüwe,ȱ 1998;ȱ
Phillipsȱ etȱ al.,ȱ 2010)ȱ asȱwellȱ asȱ fromȱdeeperȱ sources,ȱderivedȱ fromȱ theȱ subductedȱ
oceanicȱ crustȱ (Fyfeȱ andȱHenley,ȱ 1973;ȱGrovesȱ etȱ al.,ȱ 2003a).ȱ Inȱ theȱ recentȱ times,ȱ
however,ȱaȱdominantlyȱmagmaticȱsourceȱisȱtheȱmostȱwidelyȱacceptedȱsourceȱforȱtheȱ
fluidsȱ andȱmetalsȱ inȱ theȱ intrusionȬrelatedȱ deposits,ȱ includingȱ alsoȱ theȱ porphyryȱ
depositsȱ (Bodnar,ȱ 1995;ȱHedenquistȱ etȱ al.,ȱ 1998;;ȱBakerȱ andȱLang,ȱ 2001;ȱHeinrich,ȱ
2007).ȱFluidsȱofȱmetamorphicȱderivationȱareȱexpectedȱtoȱbeȱpresentȱinȱaȱsettingȱsuchȱ
thatȱofȱ theȱSultanaȱvein,ȱwithȱaȱgranitoidȱ intrudingȱ lowȱgradeȱmetamorphicȱrocksȱ
dominatedȱ byȱ shale,ȱ calcsilicateȱ hornfels,ȱmarbleȱ andȱ volcanoȬsedimentaryȱ rocks.ȱ
Fluidsȱ generatedȱ duringȱ theȱ wellȬdevelopedȱ contactȱ metamorphismȱ withȱ
transformationȱ ofȱ shaleȱ intoȱ peliticȱ hornfelsȱ andȱ formationȱ ofȱ skarnȱ onȱ theȱ
calcsilicateȱ andȱ carbonateȱ rocksȱ couldȱ wellȱ infiltrateȱ inȱ theȱ veinȱ system.ȱ Stableȱ
isotopesȱofȱsulfurȱinȱtheȱsulfidesȱofȱtheȱmineralizationȱhaveȱsignaturesȱbetweenȱ+9.5ȱ
andȱ +15.7ȱ perȱmil,ȱ consistentȱwithȱ theȱ interactionȱ ofȱ fluidsȱ equilibratedȱwithȱ theȱ
hostingȱmetasedimentaryȱ rocksȱ (Tornosȱ etȱ al.ȱ inȱprep.).ȱ Sulfidesȱ inȱorogenicȱgoldȱ
depositsȱ typicallyȱ haveȱ compositionsȱ rangingȱ fromȱ 0ȱ toȱ +9ȱ ‰ȱ (McCuaigȱ andȱ
Kerrich,ȱ 1998),ȱ somethingȱ thatȱ reflectsȱ theȱ dominantȱ derivationȱ ofȱ theȱ reducedȱ
sulfurȱfromȱaȱsedimentaryȱsource.ȱMagmaticȱsulfurȱhasȱusuallyȱvaluesȱcloseȱtoȱ0ȱperȱ
milȱ (OhmotoȱandȱRye,ȱ1979)ȱbutȱ theȱexsolvedȱmagmaticȱ fluidsȱ canȱ carryȱvariableȱ
proportionsȱofȱH2SȱandȱSO4=ȱdependingȱonȱ theȱoxidationȱstateȱofȱ theȱmagmasȱandȱ
theȱmomentȱofȱdegassingȱ(Hodkiewiczȱetȱal,ȱ2010);ȱfurthermore,ȱmagmasȱshowingȱ
derivationȱ orȱ interactionȱ withȱ crustalȱ rocksȱ canȱ inheritȱ reducedȱ sulfurȱ ofȱ
sedimentaryȱderivation.ȱStableȱ isotopesȱcouldȱalsoȱ indicateȱmoreȱ thanȱoneȱsource,ȱ
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givenȱ theȱcomplexityȱofȱwallȱ rocksȱwithȱvariableȱ isotopicȱcompositionsȱasȱwellȱasȱ
theȱepisodicallyȱlongȱfluidȬpathȱeventsȱ(RidleyȱandȱDiamond,ȱ2000).ȱȱ
ȱItȱisȱalsoȱevidentȱthatȱtheȱSultanaȱveinȱhasȱaȱdirectȱassociationȱwithȱintrusiveȱ
rocksȱand,ȱthus,ȱaȱmagmaticȱsourceȱforȱtheȱfluidsȱisȱlikely.ȱEvidencesȱforȱaȱmagmaticȱ
originȱofȱfluidsȱandȱmetalsȱareȱtheȱfollowing:ȱ(1)ȱtheȱoreȱassociationȱdominatedȱbyȱ
CuȬAuȱandȱ theȱhighȱbaseȱmetalȱ tenors,ȱnotȱ typicalȱofȱorogenicȬmetamorphicȱgoldȱ
systems;ȱ (2)ȱ theȱTȬPȱ conditionsȱ ofȱ oreȱprecipitation,ȱ typicalȱ ofȱ coolingȱmagmaticȬ
hydrothermalȱ ȱ systemsȱ withȱ higherȱ temperaturesȱ andȱ commonlyȱ lowerȱ fluidȱ
pressuresȱ thanȱ inȱmetamorphicȱ terrains;ȱ (3)ȱ theȱ existenceȱ ofȱ evidencesȱ ofȱ phaseȱ
separationȱ throughȱ condensationȱ ofȱ aȱ minorȱ brineȱ fluid,ȱ typicalȱ ofȱ magmaticȬ
hydrothermalȱenvironments;ȱ (4)ȱ theȱelementȱconcentrationsȱ inȱ theȱ fluidȱ inclusionsȱ
thatȱ showȱ highȱ copper,ȱ sulfurȱ andȱ goldȱ contentsȱ inȱ theȱ brine,ȱ vaporȱ andȱ
intermediateȱdensityȱphases;ȱ (5)ȱ theȱ retrogradeȱ solubilityȬquartzȱ textures,ȱ thatȱareȱ
uncommonȱ inȱ metamorphicȱ settings;ȱ and,ȱ (6)ȱ theȱ presenceȱ ofȱ anȱ intermediateȱ
densityȱ singleȱ phaseȱ fluid,ȱ whichȱ isȱ frequentȱ inȱ deepȱ partsȱ ofȱ magmaticȬ
hydrothermalȱsystems.ȱNevertheless,ȱandȱasȱweȱexplainedȱbefore,ȱ isotopesȱdoȱnotȱ
supportȱ aȱ uniqueȱ magmaticȱ originȱ forȱ theȱ fluidsȱ andȱ thus,ȱ aȱ metamorphicȱ
contributionȱhasȱ toȱ beȱ considered.ȱTheȱTableȱ 7ȱ includesȱ aȱ listȱ ofȱ theseȱ andȱ otherȱ
geologicalȱaspectsȱofȱbothȱorogenicȱgoldȱandȱintrusionȬrelatedȱ(includingȱporphyry)ȱ
depositsȱ thatȱ couldȱwellȱ fitȱ inȱ theȱ Sultanaȱ oreȱ formation,ȱ inȱ orderȱ toȱ clarifyȱ theȱ
possibleȱoriginȱandȱclassificationȱofȱthisȱvein.ȱ
Theȱcommonȱpresenceȱofȱmoderateȱ toȱhighȱCO2ȱcontentsȱ inȱ fluidȱ inclusionsȱ
ofȱ theȱ intrusionȬrelatedȱ veinsȱ isȱwellȱ addressedȱ inȱ theȱ literatureȱ (Diamond,ȱ 1990;ȱ
ThompsonȱandȱNewberry,ȱ2000).ȱDespiteȱtheȱpresenceȱofȱCO2ȱinȱfluidȱinclusionsȱhasȱ
beenȱwidelyȱusedȱasȱaȱcriteriaȱ forȱ theȱpresenceȱofȱmetamorphicȱ fluidsȱ (Godfarbȱetȱ
al.,ȱ 1997),ȱ thereȱ areȱ abundantȱ evidencesȱofȱ thatȱCO2,ȱ andȱ evenȱCH4,ȱ canȱ separateȱ
fromȱ crystallizingȱ magmaticȱ intrusionsȱ (Sissonȱ andȱ Hollister,ȱ 1990;ȱ Lowenstern,ȱ
1994;ȱLentz,ȱ1999).ȱTherefore,ȱtheȱpresenceȱofȱCO2ȱcannotȱbeȱusedȱforȱdiscriminationȱ
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ofȱaȱgeneticȱorigin.ȱ Inȱ fact,ȱmoderateȱ toȱhighȱamountsȱofȱCO2ȱareȱveryȱpresentȱ inȱ
someȱ porphyryȬrelatedȱ andȱ epithermalȱ fluidȱ inclusions,ȱ asȱ indicatedȱ byȱ theȱ
formationȱofȱclathrateȱduringȱtheȱcoolingȱrunsȱ(Heinrichȱetȱal.,ȱ2004;ȱRedmondȱetȱal.,ȱ
2004;ȱRonacherȱetȱal.,ȱ2004;ȱRusk,ȱ2008).ȱHere,ȱpossibleȱsourcesȱofȱ theȱCO2ȱare:ȱ (1)ȱ
fluidȱ separationȱ fromȱ aȱ crystallizingȱ silicateȱmelt,ȱwithȱ theȱCO2ȱ separatingȱ earlyȱ
fromȱ theȱ meltȱ dueȱ toȱ itsȱ lowȱ solubilityȱ (Lowenstern,ȱ 1994);ȱ (2)ȱ devolatilizationȱ
reactionsȱofȱcarbonateȱrocksȱduringȱcontactȱmetamorphism;ȱor,ȱ(3)ȱaȱcombinationȱofȱ
both.ȱȱ
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Tableȱ7.ȱSeveralȱcharacteristicȱofȱorogenicȱgoldȱdeposits,ȱintrusionȬrelatedȱgoldȱandȱ
porphyryȱ copperȱ depositsȱ comparedȱ toȱ theȱ Sultanaȱ veinȱ features.ȱ
ModifiedȱafterȱGrovesȱetȱal.ȱ(2003)ȱandȱSillitoeȱ(2010).ȱ
InȱtheȱfluidȱinclusionsȱfromȱSultana,ȱtheȱCO2ȱcontentȱrangesȱbetweenȱ6.1ȱandȱ
28.7ȱmolȱ%ȱwithȱ theȱH2Oȱdominatingȱ inȱallȱ theȱ fluidȱ inclusionȱ types.ȱTheȱhighestȱ
CO2ȱvalues,ȱconsideringȱ theȱuncertaintiesȱderivedȱ fromȱ theȱcalculations,ȱareȱ inȱ theȱ
vaporȱ (Vc)ȱ inclusionsȱ (28.7%ȱ CO2ȱ andȱ 70%ȱ H2O),ȱ lowerȱ thanȱ theȱ typicalȱ CO2ȱ
concentrationsȱ inȱ theȱ orogenicȬgoldȱ depositsȱ (e.g.ȱ 71%ȱ CO2ȱ inȱ theȱ vaporȱ fluidȱ
inclusionsȱ fromȱBrusson,ȱ Italy,ȱDiamond,ȱ1990).ȱRuskȱ etȱal.ȱ (2008)ȱalsoȱ showȱCO2ȱ
contentsȱasȱhighȱasȱ18ȱmolȱ%ȱ inȱ theȱ fluidȱ inclusionsȱofȱ theȱButteȱporphyryȱcopperȱ
depositȱ (Montana).ȱTheȱmethaneȱ contentȱ isȱmuchȱmoreȱ commonȱ inȱmetamorphicȱ
settingsȱthanȱinȱmagmaticȱenvironments.ȱHowever,ȱinȱtheȱlaterȱone,ȱCH4/CO2ȱratiosȱ
mayȱbeȱappreciableȱatȱ theȱ temperaturesȱexpectedȱ forȱhydrothermalȱmineralizationȱ
inȱintrusionȱhostedȱgoldȱdeposits.ȱInȱtheȱanalyzedȱfluidȱinclusions,ȱCH4ȱisȱinvariablyȱ
presentȱ butȱwithȱminorȱ contentsȱ comparedȱ toȱ CO2ȱ andȱ itȱ couldȱ beȱ derivedȱ byȱ
reductionȱofȱcarbonȱcompoundsȱ inȱ theȱmagmaticȱ fluidȱorȱ incorporationȱofȱcarbonȱ
duringȱwallȬrock.ȱTwoȱpossibilitiesȱareȱproposedȱhereȱtoȱexplainȱaȱmagmaticȱoriginȱ
ofȱtheȱfluidsȱtogetherȱwithȱtheȱmetamorphicȱsignatureȱgivenȱbyȱtheȱSȱisotopesȱinȱtheȱ
sulfides:ȱ (1)ȱ aȱmixingȱprocessȱ betweenȱ theȱ oxidizedȱmagmaticȱ fluidsȱ andȱ contactȱ
metamorphicȱ fluidsȱderivedȱ fromȱ theȱdevolatilizationȱofȱ theȱhostingȱ shaleȱ (Sissonȱ
andȱHollister,ȱ1990);ȱ(2)ȱaȱpriorȱ interactionȱofȱtheȱmeltȱwithȱmetasedimentsȱhavingȱ
sulfidesȱ enrichedȱ inȱ Έ34S.ȱ Exsolvedȱ magmaticȱ fluidsȱ shouldȱ carryȱ sulfurȱ withȱ
positiveȱΈ34Sȱvalues.ȱ ȱ
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II.9.6.ȱFluidȱchemistryȱandȱoreȱdepositionȱȱ
Recentȱ studiesȱ onȱ theȱ solubilityȱ ofȱ metalsȱ atȱ magmaticȬhydrothermalȱ
conditionsȱshowȱ thatȱsomeȱelementsȱsuchȱCuȱandȱAuȱpreferablyȱ fractionateȱ intoȱ
theȱvaporȱphaseȱandȱothersȱ likeȱFe,ȱZnȱandȱPbȱpartitionateȱ intoȱ theȱ liquidȱphaseȱ
(Audétat,ȱ1998,ȱ2000,ȱ 2008;ȱHeinrichȱ etȱal.ȱ 1999;ȱUlrichȱ etȱal.,ȱ 1999;ȱAudétatȱandȱ
Pettke,ȱ2003;ȱKehayovȱetȱal.,ȱ2003;ȱPocrovsky,ȱ2008;ȱSeoȱetȱal.,ȱ2009).Whenȱplottingȱ
theȱX/NaȱratiosȱofȱelementsȱinȱtheȱmostȱdefinitiveȱcoexistingȱassemblageȱinȱSultanaȱ
(Fig.17),ȱ itȱ canȱbeȱobservedȱ thatȱ copper,ȱarsenicȱandȱantimonyȱareȱpreferentiallyȱ
partitionedȱintoȱtheȱlowȱdensityȱvaporȱphase.ȱSulfurȱisȱbelowȱtheȱlimitȱofȱdetectionȱ
inȱ bothȱ theȱ brineȱ andȱ vaporȱ assemblageȱ whereasȱ goldȱ isȱ belowȱ theȱ limitȱ ofȱ
detectionȱinȱtheȱbrineȱsuggestingȱitsȱpreferentialȱpartitioningȱinȱtheȱgasȱphase.ȱOnȱ
theȱ contrary,ȱ elementsȱ suchȱ asȱ zinc,ȱ leadȱ andȱ cesiumȱ fractionateȱ intoȱ theȱ brine.ȱ
Manganese,ȱ iron,ȱpotassiumȱandȱ calciumȱareȱbelowȱ theȱ limitȱofȱdetectionȱ inȱ theȱ
vaporȱphase.ȱ
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Figureȱ 17.ȱ Fractionationȱ ofȱ elementsȱ betweenȱ vaporȱ andȱ brineȱ inȱ theȱ bestȱ
assemblageȱ ofȱ coexistingȱ brineȱ andȱ vaporȱ fluidȱ inclusionsȱ (sampleȱ
SUCH3ass26and30)ȱ basedȱ inȱ theȱ averageȱ elementȱ concentrationsȱ
normalizedȱ toȱ theȱ Naȱ concentration.ȱ Errorȱ barsȱ indicateȱ 1ࢼȱ ofȱ theȱ
variabilityȱwithinȱoneȱassemblage.ȱ
ȱSeveralȱworksȱ haveȱ addressedȱ thatȱ thisȱmetalȱ partitioningȱ isȱ dueȱ toȱ theȱ
dominantȱcomplexationȱofȱ theȱmetalsȱasȱhydrosulfideȱandȱchlorideȱcomplexesȱ inȱ
theȱvaporȱandȱbrineȱfluidȱphase,ȱrespectively.ȱSpecialȱattentionȱhasȱbeenȱpaidȱintoȱ
theȱcriticalȱ roleȱofȱ sulfurȱasȱaȱ stableȱcopperȬȱandȱgoldȬligandȱ inȱmagmaticȱ fluidsȱ
(Heinrichȱetȱal.,ȱ1992;ȱHeinrichȱetȱal.,ȱ1999;ȱPokrovskiȱetȱal.,ȱ2008;ȱZajaczȱetȱal.,ȱ2008;ȱ
Seoȱ etȱ al.,ȱ 2009).ȱ Theseȱ authorsȱ proposeȱ thatȱ Cuȱ andȱ Auȱ areȱ preferentiallyȱ
partitionatedȱ inȱ theȱgasȱphase,ȱprobablyȱ relatedȱ toȱ itsȱpreferentialȱ complexationȱ
withȱ SȬrichȱ anions.ȱ However,ȱ CuȬchlorideȱ complexesȱ areȱ alsoȱ stableȱ inȱ highȱ
temperatureȱmagmaticȱfluidsȱ(Zajaczȱetȱal.,ȱ2011).ȱȱ
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Recently,ȱLerchbaumerȱandȱAudètatȱ(2011)ȱhaveȱexperimentallyȱshownȱthatȱ
perhapsȱ thisȱ modelȱ isȱ notȱ alwaysȱ true.ȱ Theyȱ synthesizedȱ vaporȱ andȱ brineȱ
inclusionsȱfromȱaȱCuȬH2OȬNaClȱandȱSȬrichȱfluidȱatȱ800ºC/1.3ȱkbar,ȱthatȱwereȱlaterȱ
reequilibratedȱ inȱaȱ secondȱ experimentȱwithȱaȱ similarȱ fluidȱbutȱatȱ800ºC/700ȱbar.ȱ
Theȱresultsȱshowȱthatȱtheȱvaporȱinclusionsȱexperiencedȱaȱdramaticȱincreaseȱinȱtheȱ
Cuȱ contentȱ afterȱ theȱ secondȱ experimentȱ whileȱ theȱ brineȱ inclusionsȱ remainedȱ
unmodified,ȱleadingȱfromȱaȱtrueȱDCuvapor/brineȱvalueȱofȱ0.4±0.05ȱtoȱanȱapparentȱvalueȱ
ofȱ8.3±8.9.ȱTheyȱsuggestȱthatȱthisȱbehaviorȱisȱdueȱtoȱdiffusionalȱgain,ȱasȱtheȱquartzȬ
hostedȱ fluidȱ inclusionsȱ canȱ diffusivelyȱ looseȱ orȱ gainȱ Cuȱ afterȱ theirȱ formationȱ
(Lerchbaumerȱ andȱ Audètat,ȱ 2009,ȱ 2011).ȱ Ifȱ true,ȱ theseȱ studiesȱwillȱmodifyȱ theȱ
currentȱmodelsȱonȱ theȱ roleȱofȱmagmaticȱvaporȱ inȱ theȱ formationȱofȱCuȱdeposits,ȱ
somethingȱconsideredȱcriticalȱinȱtheȱmostȱrecentȱmodels.ȱ
Theȱ Tableȱ 6ȱ showsȱ thatȱ theȱ maximumȱ concentrationȱ ofȱ copperȱ inȱ theȱ
intermediateȱ densityȱ fluidȱ inclusionsȱ (IDc)ȱ isȱ 537±123ȱ ΐg/gȱwithȱ approximatelyȱ
equalȱconcentrationȱofȱsulfurȱinȱtheȱsameȱassemblage,ȱ539±52ȱΐg/g,ȱasȱitȱisȱrequiredȱ
forȱcopperȱandȱgoldȱtransportȱasȱhydrosulfideȱcomplexesȱ(Seoȱetȱal.,ȱ2009).ȱTheseȱ
metalȱconcentrationsȱareȱhereȱconsideredȱtoȱrepresentȱthoseȱinȱtheȱmagmaticȱfluidȱ
flowingȱ intoȱ theȱvein;ȱhowever,ȱ itȱ isȱ likelyȱ thatȱ theȱ fluidȱwasȱ closeȱ toȱ saturationȱ
andȱprobablyȱsomeȱcopperȱhadȱalreadyȱprecipitated.ȱTheȱexistenceȱofȱfluidsȱwithȱ
evenȱhigherȱCu,ȱAuȱandȱSȱcontentsȱ isȱconsistentȱwithȱtheȱhigherȱconcentrationȱ inȱ
Cuȱ andȱ Sȱ inȱ theȱ coexistingȱ brineȱ andȱ vaporȱ assemblagesȱ (Bpolȱ andȱ Vc)ȱ withȱ
783±335ȱΐg/gȱCuȱ(Sȱisȱbelowȱtheȱdetectionȱlimit).ȱAsȱitȱisȱshowedȱinȱtheȱFigureȱ11,ȱ
theȱCuȱconcentrationȱdropsȱfromȱtheseȱhighȱvaluesȱinȱtheȱbrineȬvaporȱassemblagesȱ
toȱlessȱthanȱ1±0.2ȱΐg/gȱinȱtheȱlateȱLcxȱfluidȱinclusionsȱthatȱlikelyȱrepresentȱtheȱoreȬ
spentȱ fluidsȱofȱ theȱ system.ȱThisȱ isȱ consistentȱwithȱ theȱprecipitationȱofȱ copperȱasȱ
chalcopyriteȱ (CuFeS2)ȱ inȱ thisȱ intervalȱ fromȱ theȱ vaporȱ and/orȱ theȱ brineȱ fluid,ȱ
coincidingȱwithȱ theȱcoolingȱofȱ theȱ fluidȱ fromȱ temperaturesȱslightlyȱaboveȱ450ºȱ toȱ
~350ºCȱandȱsynchronouslyȱwithȱtheȱdissolutionȱofȱQ1.ȱAttemptingȱtoȱestablishȱtheȱ
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precipitationȱmechanismȱofȱCu,ȱHezarkhanaiȱetȱal.ȱ(1999)ȱcalculatedȱtheȱsolubilityȱ
ofȱ chalcopyriteȱ atȱ differentȱ fO2,ȱ fS2,ȱ pHȱ andȱ aClȬconditions,ȱ basedȱ onȱ aȱ
thermodynamicȱmodelȱofȱalterationȱandȱmineralization.ȱTheyȱconcludedȱ thatȱ theȱ
solubilityȱisȱstronglyȱdependentȱonȱtheȱtemperature,ȱdecreasingȱfromȱ50000ȱΐg/gȱatȱ
450ȱºC,ȱtoȱ25ȱΐg/gȱatȱ350ȱºC.ȱInȱSultana,ȱitȱisȱinferredȱthatȱaȱfluidȱwithȱ500Ȭ700ȱΐg/gȱ
ofȱCuȱsimilarȱtoȱthatȱofȱintermediateȱdensityȱfluidȱinclusions,ȱwasȱundersaturatedȱ
atȱ temperaturesȱ higherȱ thanȱ 400ºCȱ butȱ afterȱ theȱ phaseȱ separationȱ andȱ furtherȱ
coolingȱ toȱ aroundȱ 350ºC,ȱ theȱ copperȱ concentrationȱ inȱ theȱ fluidȱwasȱ enoughȱ toȱ
saturateȱandȱtoȱprecipitateȱtheȱchalcopyrite.ȱOtherȱfactorsȱlikeȱfluidȱoxidationȱfromȱ
aȱmoreȱreducedȱtoȱoxidizedȱfluidȱcouldȱalsoȱpromotedȱtheȱcopperȱprecipitation.ȱȱ
Onȱrespectȱtoȱgold,ȱtheȱhighestȱconcentrationsȱareȱ inȱtheȱvaporȱphaseȱwithȱ
9.5±6ȱΐg/g.ȱPetrographicȱstudiesȱshowȱthatȱmaldoniteȱandȱnativeȱgoldȱoccurȱlateȱinȱ
theȱ fracturesȱofȱ theȱchalcopyrite,ȱcoatingȱquartzȱandȱasȱnativeȱgoldȱaggregatesȱ inȱ
theȱlateȱstagesȱofȱcrystallizationȱ(Tornosȱetȱal.,ȱinȱprep.).ȱAȱpossibleȱexplanationȱforȱ
thisȱlateȱdepositionȱofȱgoldȱisȱthatȱstillȱremainsȱsulfurȱinȱtheȱvaporȱphaseȱafterȱtheȱ
chalcopyriteȱ precipitationȱ (aroundȱ 372±60ȱ ΐg/g),ȱ andȱ thusȱ itȱ isȱ stillȱ ableȱ toȱ
transportȱtheȱgoldȱtoȱlowerȱtemperaturesȱinȱtheȱformȱofȱsecondaryȱLcȱorȱLcxȱfluidȱ
inclusionsȱ(inȱwhichȱitȱisȱaboveȱtheȱLOD),ȱperhapsȱafterȱaȱcontractionȱofȱtheȱvaporȱ
phaseȱbyȱlittleȱcoolingȱ(Heinrich,ȱ2004;ȱSeoȱetȱal.,ȱ2009).ȱȱ
Zincȱ andȱ leadȱ areȱ depositedȱ inȱ theȱ formȱ ofȱ sphaleriteȱ andȱ galenaȱ inȱ theȱ
lattermostȱ stage.ȱ Asȱ itȱ isȱ shownȱ inȱ theȱ Figureȱ 17,ȱ Znȱ andȱ Pbȱ preferentiallyȱ
fractionateȱ intoȱ theȱ brineȱ phase.ȱ Probably,ȱ theseȱ elementsȱ didȱ notȱ precipitateȱ
duringȱ theȱmainȱoreȱ formingȱeventȱdueȱ toȱ theȱhigherȱ solubilityȱofȱZnȱandȱPbȱ inȱ
hydrothermalȱsolutionsȱandȱperhapsȱdueȱtoȱtheȱ lackȱofȱenoughȱreducedȱsulfurȱ inȱ
theȱfluidȱafterȱtheȱprecipitationȱofȱtheȱotherȱsulfidesȱduringȱtheȱmainȱoreȱformingȱ
event.ȱ Laterȱ mixingȱ ofȱ theȱ brinesȱ withȱ infiltratedȱ coolerȱ meteoricȱ fluidsȱ
transportingȱsulfurȱcouldȱfavorȱtheȱprecipitationȱofȱsphaleriteȱandȱgalena.ȱ
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II.9.7.ȱConclusions:ȱFluidȱevolutionȱscenarioȱwithȱdeepȱsingleȱphaseȱfluidȱinput,ȱ
phaseȱseparationȱandȱoreȱdepositionȱȱ
ȱTheȱ combinationȱofȱ theȱ resultsȱofȱ theȱ fluidȱ inclusionȱ studyȱwithȱpreviousȱ
geologicalȱ dataȱ allowsȱ proposingȱ aȱ scenarioȱ forȱ theȱ formationȱ ofȱ theȱ Sultanaȱ
orebodyȱ(Fig.18).ȱȱ
Theȱascentȱandȱ furtherȱ epizonalȱ emplacementȱofȱ theȱ calcȬalkalineȱ tonaliteȱ
meltsȱrepresentedȱbyȱtheȱSultanaȱStockȱleadȱtoȱtheȱcrystallizationȱandȱconcomitantȱ
pulsatileȱ exsolutionȱ ofȱ magmaticȬhydrothermalȱ fluids.ȱ Fluidȱ inclusionȱ
petrography,ȱmicrothermometry,ȱRamanȱandȱLAȬICPMSȱmicroanalysisȱshowȱthatȱ
theȱ earlierȱmostȱ fluidsȱ separatedȱ fromȱ theȱmeltȱwereȱ intermediateȱdensityȱ onesȱ
(representedȱ byȱ theȱ IDcȱ fluidȱ inclusions),ȱ characterizedȱ byȱ ȱ lowȱ salinityȱ (avg.ȱ 5ȱ
wt%ȱNaClȱ eq.),ȱ significantȱ amountsȱ ofȱCO2ȱ butȱ littleȱCH4,ȱ highȱ temperatureȱ ofȱ
homogenizationȱ (Thom>400ȱ ºC)ȱ asȱ wellȱ asȱ highȱ concentrationsȱ inȱ oreȬmetalsȱ
(537±120ȱCu,ȱ 0.7ȱ ΐg/gȱAu,ȱ 539±52ȱ S).ȱ Theseȱ fluidsȱwereȱ trappedȱ atȱ ratherȱ deepȱ
conditions,ȱwithȱ theȱ systemȱ likelyȱ dominatedȱ byȱ lithostaticȱ pressuresȱ (800Ȭ1200ȱ
bar;ȱ>1.5Ȭ2ȱkm).ȱTheseȱfluidsȱwereȱprobablyȱresponsibleȱofȱtheȱprecipitationȱofȱtheȱ
bulkȱquartzȱandȱankeriteȱthatȱdominateȱinȱtheȱveinȱsystem.ȱȱ
Furtherȱ openingȱ ofȱ theȱ veinȱ andȱ transitionȱ ofȱ theȱ fluidȱ pressureȱ fromȱ
lithostaticȱtoȱhydrostaticȱpressuresȱmadeȱtheȱfluidȱbreachȱtheȱtwoȬphaseȱsurfaceȱofȱ
theȱ H2OȬNaClȬCO2ȱ systemȱ withȱ condensationȱ ofȱ aȱ minorȱ brineȱ phaseȱ andȱ aȱ
dominantȱ lowȱ salineȱ vapor.ȱ Thisȱ phaseȱ separationȱ occurredȱ atȱ estimatedȱ
temperaturesȱ andȱ pressuresȱ ofȱ ƿ450Ȭ350ºCȱ andȱ 400Ȭ200ȱ bars,ȱ respectively,ȱ
coincidingȱwithȱ theȱwidespreadȱ openingȱ ofȱ spacesȱwithinȱ theȱ veinȱ dueȱ toȱ theȱ
retrogradeȱsolubilityȱofȱquartz.ȱTheȱsulfides,ȱdominantlyȱchalcopyrite,ȱprecipitatedȱ
hereȱbyȱphaseȱ separationȱ andȱ coolingȱdueȱ toȱ theȱdestabilizationȱ ofȱ theȱ aqueousȱ
complexesȱpriorȱorȱduringȱtheȱprecipitationȱofȱaȱsecondȱgenerationȱofȱquartz.ȱTheȱ
precipitationȱofȱtheȱchalcopyriteȱisȱsupportedȱbyȱtheȱsignificantȱdecreaseȱofȱtheȱCuȱ
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contentȱinȱtheȱfluidȱinclusionsȱfromȱthoseȱpredatingȱtheȱoreȱformingȱeventȱtoȱthoseȱ
(inclusionsȱ Lcx)ȱ postdatingȱ itȱ (Fig.ȱ 11).ȱ Inȱ fact,ȱ theȱ elementȱ concentrationsȱ areȱ
constantȱthroughȱallȱtheȱfluidȱevolutionȱofȱtheȱvein,ȱexceptȱforȱcopper,ȱwhichȱdropsȱ
byȱaboutȱanȱorderȱofȱmagnitudeȱfromȱtheȱbrineȬvaporȱstageȱ(500ȱ–ȱ700ȱΐg/g)ȱtoȱlessȱ
thanȱ0.1ȱ ΐg/gȱ inȱ theȱ lateȱ fluids.ȱEvenȱ ifȱ sulfurȱ isȱnotȱwellȱdetectedȱ inȱmostȱ fluidȱ
inclusions,ȱitȱseemsȱthatȱSȱwasȱtheȱdominantȱcomplexingȱligand.ȱGoldȱprecipitatedȱ
laterȱ intoȱ theȱ fracturesȱ ofȱ theȱ chalcopyrite.ȱ Inȱ fact,ȱ anȱ excessȱ ofȱ sulfurȱ afterȱ theȱ
depositionȱ ofȱ chalcopyriteȱ makesȱ possibleȱ theȱ retentionȱ ofȱ goldȱ inȱ solution,ȱ
precipitatingȱitȱlateȱinȱtheȱevolutionȱofȱtheȱvein.ȱGalenaȱandȱsphaleriteȱprecipitatedȱ
evenȱ later,ȱmostȱprobablyȱ inȱ relationshipȱwithȱ theȱmixingȱofȱ residualȱmagmaticȱ
fluidsȱwithȱmeteoricȱwatersȱthatȱcooledȱtheȱsystemȱdownȱtoȱlowerȱtemperaturesȱorȱ
suppliedȱ enoughȱ sulfurȱ forȱ theȱ precipitationȱ ofȱ Znȱ andȱ Pb.ȱ Theȱ roleȱ ofȱ
metamorphicȱ fluidsȱ inȱ theȱ systemȱ hasȱ notȱ beenȱ trackedȱ byȱ theȱ fluidȱ inclusionȱ
studyȱbutȱ theȱ sulfurȱ isotopeȱdataȱ suggestȱ thatȱ theyȱ likelyȱaddedȱ excessȱ reducedȱ
sulfurȱtoȱtheȱsystemȱfavoringȱtheȱprecipitationȱofȱtheȱsulfides.ȱȱ
Theȱproposedȱoreȱ formingȱmodelȱ isȱsimilarȱ toȱ thatȱproposedȱ forȱporphyryȱ
depositsȱandȱotherȱintrusionȬrelatedȱCuȬAuȱsystems,ȱwithȱprecipitationȱofȱtheȱCuȬ
Feȱsulfidesȱsynchronouslyȱwithȱphaseȱseparation,ȱcoolingȱbetweenȱ450ºȱandȱ350ºCȱ
andȱ quartzȱ dissolution.ȱ Thisȱ isȱ aȱ highlyȱ effectiveȱ mechanismȱ forȱ precipitatingȱ
chalcopyriteȱand,ȱifȱenoughȱSȱandȱFeȱareȱpresent,ȱtheȱhydrothermalȱfluidsȱexhaustȱ
almostȱallȱtheirȱCuȱduringȱthisȱshortȱintervalȱofȱtemperature.ȱ
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Figureȱ 18.ȱ Hypotheticȱ andȱ schematicȱ interpretationȱ ofȱ theȱ evolutionȱ ofȱ theȱ
hydrothermalȱ systemȱ inȱ Sultanaȱ (Aȱ andȱ B)ȱ andȱ detailȱ ofȱ theȱ differentȱ
stagesȱ ofȱ veinȱ fillingȱ andȱ oreȱ precipitationȱ withȱ respectiveȱ formationȱ
conditionsȱandȱprocesses.ȱȱ
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ChapterȱIII:ȱAlbititeȱrelatedȱtoȱmagnetiteȱdeposits:ȱmeltȱ
inclusionȱevidenceȱforȱaȱmagmaticȱoriginȱandȱitsȱroleȱ
inȱtheȱgenesisȱofȱtheȱhydrothermalȱmineralizationȱ
Abstractȱ
Albitite,ȱparticularlyȱtheȱoneȱrelatedȱtoȱmagnetiteȱ(±Cu±Au)ȱandȱREEȱoreȱdeposits,ȱ
hasȱ beenȱ commonlyȱ interpretedȱ inȱ theȱ literatureȱ asȱ ofȱ metasomaticȱ originȱ byȱ sodicȱ
alterationȱofȱigneousȱorȱsedimentaryȱrocks.ȱInȱthisȱstudy,ȱmeltȱandȱfluidȱinclusionsȱinȱtheȱ
Cambrianȱ albititeȱ ofȱ Laȱ Berronaȱ Stockȱ (SWȱ Spain)ȱ areȱ characterizedȱ andȱ indicateȱ aȱ
magmaticȱ originȱ forȱ thisȱ unusualȱ rock.ȱ Crystallizedȱ silicateȱ meltȱ inclusionsȱ inȱ quartzȱ
phenocrystsȱ ofȱ theȱ albititeȱ wereȱ carefullyȱ selectedȱ andȱ analyzedȱ byȱ laserȱ ablationȬ
inductivelyȱcoupledȱplasmaȱmassȱspectrometryȱ(LAȬICPMS).ȱTheȱsilicateȱmeltȱ inclusionsȱ
haveȱ aȱ compositionȱ closeȱ toȱ thatȱ ofȱ theȱ hostȱ albiteȱ withȱ SiO2ȱ (73.2±1.9ȱ wt%),ȱ Na2Oȱ
(6.8±1.1ȱ wt%),ȱ K2Oȱ (0.1±0.1ȱ wt%)ȱ andȱ CaOȱ (0.6±0.4ȱ wt%)ȱ asȱ majorȱ elements.ȱ Inȱ
agreementȱ withȱ theȱ compatible/incompatibleȱ behaviorȱ ofȱ traceȱ elementsȱ inȱ magmaticȱ
systems,ȱ compatibleȱ elementsȱ suchȱ Ba,ȱ Sr,ȱ V,ȱ Zr,ȱ Niȱ andȱ Pȱ areȱ incorporatedȱ inȱ theȱ
phenocrystsȱandȱgroundmassȱwhereasȱincompatibleȱelementsȱasȱwellȱasȱoreȱmetalsȱsuchȱasȱ
Cu,ȱPb,ȱZn,ȱAsȱandȱMoȱareȱenrichedȱinȱtheȱresidualȱmeltȱrepresentedȱbyȱtheȱsilicateȱmeltȱ
inclusions.ȱTheȱquartzȱphenocrystsȱalsoȱshowȱsomeȱopaqueȱmeltȱinclusionȱofȱFeȬTiȬPȬrichȱ
compositionȱ suggestingȱ theȱ existenceȱ ofȱ anȱ immiscibleȱ ironȬtitaniumȬphosphorousȱ oxideȱ
meltȱphaseȱsegregatedȱfromȱtheȱparentalȱsilicateȱmelt.ȱInȱtheȱuppermostȱzoneȱofȱtheȱstock,ȱ
thereȱareȱsomeȱmagmaticȬhydrothermalȱbrecciasȱandȱstockworkȬlikeȱmineralizationȱthatȱareȱ
interpretedȱ asȱ representingȱ zonesȱ ofȱ fluidȱ exsolution.ȱ Adjacentȱ toȱ theseȱ structures,ȱ Laȱ
Berronaȱmagnetiteȱ depositȱ isȱundoubtedlyȱ ofȱ hydrothermalȱ origin,ȱ andȱ occursȱ replacingȱ
bothȱtheȱalbititeȱandȱtheȱhostȱcalcȬsilicateȱhornfels.ȱMagnetiteȱisȱassociatedȱwithȱalbiteȱandȱ
actinoliteȱandȱhasȱ featuresȱsimilarȱ toȱ thoseȱofȱ theȱ IOCGȱdeposits.ȱFluidȱ inclusionsȱ inȱ theȱ
quartzȱphenocrystsȱ ofȱ theȱ albitite,ȱ theȱ brecciaȱ andȱ earlyȱhydrothermalȱveinsȱ indicateȱ theȱ
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circulationȱ ofȱhighȱ temperatureȱFeȬȱ andȱCO2Ȭbearingȱ fluidsȱ atȱ temperaturesȱhigherȱ thanȱ
340ȱºC.ȱTheȱmagnetiteȱinȱtheȱmineralizationȱhasȱlowȱTiȱandȱPȱcontents,ȱsuggestingȱthatȱtheȱ
fluidsȱ didȱ notȱ interactȱ withȱ theȱ immiscibleȱ ironȱ oxideȱ phaseȱ richȱ inȱ theseȱ elements.ȱ
Probably,ȱ theȱ separationȱ ofȱ theȱ immiscibleȱ ironȱ oxideȱmeltȱ depletedȱ theȱ systemȱ inȱTiȬP,ȱ
leadingȱtoȱtheȱlaterȱexsolutionȱofȱTiȬPȬpoorȱmagmaticȬhydrothermalȱfluidsȱthatȱformedȱtheȱ
hydrothermalȱmineralization.ȱȱȱȱ
Comparisonȱ ofȱ theȱ silicateȱmeltȱ inclusionȱ compositionȱwithȱ experimentalȱ studies,ȱ
theȱisotopeȱdataȱ(87Sr/86Sr,ȱ143Nd/144NdȱandȱPbȱisotopes)ȱandȱtheȱtraceȱelementȱgeochemistryȱ
suggestȱthatȱtheȱalbititeȱderivedȱ fromȱtheȱpartialȱmeltingȱofȱupperȱcrustalȱrocksȱ inȱwaterȬ
richȱconditions.ȱȱ
Thisȱmeltȱ inclusionȱ studyȱ togetherȱwithȱ theȱ fieldȱ relationships,ȱ petrographyȱ andȱ
geochemistryȱdemonstratesȱthatȱtrueȱalbititeȱmeltsȱexistȱandȱthatȱnotȱallȱtheȱalbititeȱrelatedȱ
toȱFeȱoxideȱmineralizationȱisȱconsequenceȱofȱaȱpervasiveȱsodicȱalteration.ȱȱ
III.1.ȱIntroductionȱ
Albititeȱ isȱanȱuncommonȱrockȱpresentȱ inȱveryȱdifferentȱgeologicalȱsettings,ȱ
includingȱ ophioliteȱ sequences,ȱ metamorphicȱ terrainsȱ andȱ hydrothermalȱ
environments.ȱTheȱdominantȱmineralȱassociationȱconsistsȱalmostȱentirelyȱofȱalbiteȬ
richȱplagioclaseȱ andȱ quartzȱwithȱminorȱ amountsȱ ofȱ biotite,ȱ clinoamphiboleȱ andȱ
abundantȱaccessoryȱphasesȱlikeȱzircon,ȱapatite,ȱmagnetiteȱandȱfluorite.ȱDespiteȱthisȱ
simpleȱmineralogy,ȱ theȱultimateȱsourceȱofȱ theȱalbititeȱhasȱbeenȱsubjectȱofȱaȱ largeȱ
controversy.ȱAȱmetasomaticȱoriginȱrelatedȱtoȱtheȱcirculationȱofȱNaȬrichȱfluidsȱthatȱ
pervasivelyȱ alterȱ aȱ graniticȱ protolithȱ isȱ theȱmostȱ documentedȱ formingȱ processȱ
(Kovalenko,ȱ 1978;ȱ Chauris,ȱ 1985;ȱ Hitzman,ȱ 1992;ȱ Williams,ȱ 1994;ȱ Deȱ Jongȱ andȱ
Williamsȱ1995;ȱBartonȱandȱ Johnson,ȱ1996;ȱBachillerȱ etȱal.,ȱ1996;ȱPorter,ȱ2002ȱandȱ
2010;ȱSillitoe,ȱ2003;ȱOliverȱetȱal.,ȱ2004;ȱCastorinaȱetȱal.,ȱ2006;ȱCorrevieuȱetȱal.,ȱ2007),ȱ
usuallyȱrelatedȱtoȱSnȬ(NbȬTa),ȱUȱorȱAuȱmineralization.ȱȱOfȱparticularȱinterestȱhereȱ
isȱ theȱ associationȱ ofȱ albititeȱ toȱ theȱ Feȱ oxide–(±Cu±–Au)ȱ (IOCG)ȱ styleȱ ofȱ
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mineralizationȱwhichȱhasȱbeenȱintensivelyȱdescribedȱinȱtheȱliteratureȱ(Hitzmanȱetȱ
al.,ȱ 1992;ȱWilliams,ȱ 1994;ȱdeȱ Jongȱ andȱWilliams,ȱ 1995;ȱBartonȱ andȱ Johnsonȱ 1996;ȱ
Porter,ȱ 2002,ȱ 2010;ȱ Sillitoe,ȱ 2003;ȱOliverȱ etȱ al.,ȱ 2004;ȱChenȱ etȱ al.,ȱ 2010).ȱ ȱ Inȱ thisȱ
context,ȱalbititeȱ isȱconsideredȱasȱaȱproductȱofȱpervasiveȱsodicȱalterationȱofȱeitherȱ
sedimentaryȱ orȱ igneousȱ hostȱ rocksȱ dueȱ toȱ theȱ circulationȱ ofȱ fluidsȱ inȱ
disequilibriumȱwithȱtheȱprotolith.ȱAȱgoodȱexampleȱcanȱbeȱfoundȱinȱtheȱCloncurryȱ
Feȱ oxideȱ Ȭȱ (±CuȬ±Au)ȱ districtȱ (Queensland,ȱ Australia)ȱwhereȱ theȱ albititeȱ isȱ theȱ
dominantȱ rockȱ formedȱ duringȱ aȱ pervasiveȱ regionalȱ sodicȱ (±calcic)ȱ alterationȱ
providingȱaȱfavorableȱhostȱrockȱforȱfracturation,ȱbrecciationȱandȱreplaciveȱFeȱoxideȱ
mineralizationȱ (Mark,ȱ 1998;ȱ Oliverȱ etȱ al,ȱ 2004).ȱ Aȱ largeȱ numberȱ ofȱ magnetiteȱ
depositsȱ inȱ theȱ Cloncurryȱ districtȱ containȱ albitizedȱ hostȱ rocksȱ (i.e.ȱ calcȬsilicateȱ
rocks,ȱmarblesȱandȱminorȱpeliticȱandȱvolcanicȱrocksȱofȱtheȱCorellaȱformactionȱandȱ
siliciclasticȱmetasedimentaryȱ andȱmaficȱmetavolcanicȱ rocksȱ ofȱ theȱ SoldiersȱCapȱ
unit),ȱ suchȱ asȱOsborne,ȱ Starraȱ (Rotherhamȱ etȱ al.,ȱ 1996)ȱ andȱ Eloise.ȱAlsoȱ inȱ theȱ
worldȱclassȱmagnetiteȬapatiteȱKirunaȱdepositȱinȱwhichȱtheȱmagnetiteȱisȱconsideredȱ
asȱ theȱproductȱofȱ theȱcrystallizationȱofȱanȱ ironȱoxideȬrichȱmelt,ȱalbititeȱ formedȱ inȱ
relationshipȱ toȱ sodicȱ alterationȱ inȱ theȱ deepȱ levelsȱ ofȱ theȱ system,ȱ evolvingȱ toȱ
potassicȱ andȱ sericiticȱ alterationȱ inȱ theȱ upperȱ levels.ȱ ȱ Here,ȱ theȱ albititeȱ isȱ alsoȱ
associatedȱwithȱ brecciaȱ fillingsȱ inȱwhichȱ theȱmagnetiteȱ replacedȱ theȱmagmatic,ȱ
typicallyȱ volcanicȱ rocksȱ depositedȱ underȱ continentalȱ conditionsȱ (Nyströmȱ andȱ
Henriquez,ȱ1994).ȱOfȱmetasomaticȱoriginȱisȱalsoȱconsideredȱtheȱalbititeȱrelatedȱwithȱ
otherȱtypesȱofȱmineralizationȱsuchȱasȱinȱsomeȱUȱȬȱdepositsȱ(e.g.,ȱValhallaȱinȱBrasil,ȱ
Politoȱ etȱ al.,ȱ 2009),ȱ REEȱ Ȭȱ mineralizationȱ (e.g.ȱ Oraniȱ areaȱ inȱ Centralȱ Sardinia,ȱ
Cargangiuȱetȱal.,ȱ1997),ȱSnȱ–ȱ(W)ȱmineralizationȱ(e.g.ȱEmufordȱinȱAustralia,ȱCharoyȱ
andȱPollard,ȱ1989;ȱAridondackȱMountainsȱinȱUSA,ȱMcLlellandȱetȱal.,ȱ2002;ȱTikusȱinȱ
Indonesia,ȱSchwartz,ȱ1992)ȱandȱSnȱdepositsȱ(e.g.ȱElȱTrasquilónȱdepositȱandȱalbititicȱ
cupolaȱandȱtheȱGolpejasȱdepositȱinȱSWȱSpain,ȱGonzálezȱAguadoȱandȱGumiel,ȱ1984ȱ
andȱMangasȱandȱArribas,1987ȱrespectively).ȱSomeȱepisyeniteȱ (hydrothermalȱrockȱ
formedȱbyȱtheȱdissolutionȱofȱquartzȱandȱfeldespatizationȱofȱaȱpreviousȱgranitoid,ȱ
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Leroy,ȱ 1978)ȱ ofȱ albiteȱ compositionȱ haveȱ beenȱ alsoȱ describedȱ asȱ hostȱ ofȱU,ȱ baseȱ
metalȱorȱSnȬWȱmineralizationȱ(e.g.ȱFrenchȱMassifȱCentral,ȱCathelineau,ȱ1987;ȱSierraȱ
deȱGuadarrama,ȱSpain,ȱCaballero,ȱ1993ȱyȱ1999;ȱTornos,ȱ1991).ȱ
ȱMagmaticȱalbititeȱȱ(directlyȱcrystallizedȱfromȱanȱigneousȱmelt)ȱisȱmuchȱlessȱ
commonlyȱ addressedȱ inȱ theȱ literatureȱ andȱ isȱ onlyȱ ascribedȱ toȱ albititicȱ dikesȱ inȱ
ophioliteȱ complexesȱ (e.g.ȱBayȱofȱ Islandȱ inȱUSA,ȱElthon,ȱ 1991;ȱPenjwinȱophiolite,ȱ
Kurdistanȱ Regionȱ inȱ Iran,ȱ Osman,ȱ 2007;ȱ Osmanȱ andȱ Maekawa,ȱ 2007),ȱ someȱ
peraluminousȱgranitoidsȱ (e.g.ȱKinsmanȱ intrusiveȱ suitȱ inȱUSA,ȱClarkȱ andȱLyons,ȱ
1986),ȱ fewȱ REEȬbearingȱ granitoidsȱ (Kovalenkoȱ andȱ Kovalenko,ȱ 1984;ȱ Ummȱ Alȱ
SuqianȱPluton,ȱAsirȱRegionȱinȱSaudiȱArabia,ȱSherbiniȱandȱQuadiȱandȱQhadi,ȱ2004),ȱ
tonaliteȱȬȱtrondhjemiteȱȬȱgranodioriteȱseriesȱ(TTG)ȱandȱsomeȱintrusiveȱcarbonatiteȱ
relatedȱtoȱexplosiveȱemplacementȱofȱalbititeȱderivedȱfromȱofȱAȬtypeȱgranitesȱ(e.g.ȱ
theȱ intrusiveȱcarbonateȬalbiteȱcomplexȱ inȱSouthernȱSinai,ȱEgypt,ȱChaudhriȱetȱal.,ȱ
2003;ȱAzerȱetȱal.,ȱ2010).ȱȱ
Theȱ givenȱ criteriaȱ inȱ orderȱ toȱ determineȱ theȱ magmaticȱ orȱ metasomaticȱ
originȱofȱtheȱalbititeȱareȱgenerallyȱbasedȱonȱfieldȱevidencesȱasȱforȱexampleȱtheȱsizeȱ
ofȱ theȱ outcrop,ȱ theȱ presenceȱ ofȱ transitionalȱ zonesȱ betweenȱ nonȬalbitizedȱ andȱ
albitizedȱ rocks,ȱ theȱpresenceȱ ofȱ relicsȱ ofȱprotolith,ȱ andȱ theȱmodeȱ ofȱ occurrence.ȱ
Criteriaȱbasedȱonȱpetrographicȱfeaturesȱareȱalsoȱcommonlyȱused,ȱsuchȱasȱtheȱshapeȱ
andȱ texturesȱ ofȱ theȱmineralsȱ orȱ theȱ presenceȱ ofȱwidespreadȱ replaciveȱ textures.ȱ
However,ȱtheȱmostȱimportantȱcriterionȱforȱtheirȱcharacterizationȱisȱtheȱevidenceȱofȱ
alterationȱofȱKȬfeldsparȱandȱCaȬbearingȱplagioclaseȱintoȱalbite.ȱȱ
Inȱthisȱstudy,ȱweȱdescribeȱanȱalbititeȱstockȱ(LaȱBerronaȱStock,ȱOssaȱMorenaȱ
Zone,ȱSWȱSpain)ȱthatȱisȱoneȱofȱtheȱseveralȱlargeȱoutcropsȱofȱalbititeȱlocatedȱinȱtheȱ
Valuengoȱ areaȱ (Fig.ȱ 1)ȱ andȱproposeȱ aȱmagmaticȱoriginȱ forȱ itȱbasedȱonȱ aȱ silicateȱ
meltȱinclusionȱstudy.ȱAdjacentȱtoȱthisȱintrusionȱthereȱisȱaȱlargeȱmagnetiteȱdeposit,ȱ
theȱLaȱBerronaȱmine,ȱthatȱisȱstudiedȱinȱdetailȱinȱorderȱtoȱestablishȱtheȱrelationshipȱ
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betweenȱtheȱalbititeȱandȱtheȱmineralization.ȱOurȱresultsȱareȱinȱclearȱcontrastȱwithȱ
theȱ currentȱ viewȱ forȱ theȱ originȱ ofȱmostȱ ofȱ theȱ albititeȱ bodies,ȱparticularlyȱ thoseȱ
relatedȱ toȱ Feȱ oxideȬ(±CuȬ±Au)ȱ deposits,ȱ whichȱ areȱ usuallyȱ consideredȱ asȱ ofȱ
metasomaticȱorigin.ȱȱ
Furthermore,ȱ theȱmeltȱ inclusionȱstudyȱofȱLaȱBerronaȱStockȱhasȱshownȱ theȱ
presenceȱofȱsomeȱaccessoryȱFeȬTiȬPȱoxideȱdropletsȱcoexistingȱwithȱtheȱsilicateȱmeltȱ
inclusions.ȱTheyȱ areȱ interpretedȱ asȱ representingȱ anȱ immiscibleȱoxideȱphaseȱ thatȱ
separatedȱ fromȱ theȱ silicateȱmeltȱ duringȱ coolingȱ andȱ crystallization.ȱ Ifȱ true,ȱ theȱ
existenceȱofȱsuchȱanȱimmiscibleȱironȱoxideȱmeltȱphaseȱisȱofȱcriticalȱimportanceȱforȱ
theȱgeneticȱmodelȱ asȱ itȱ couldȱ representȱ theȱ sourceȱofȱ theȱ ironȱ inȱ theȱmagmaticȬ
hydrothermalȱfluidsȱexsolvingȱduringȱtheȱcrystallizationȱofȱtheȱalbitite.ȱ
III.2.ȱ Geologicalȱ setting:ȱ theȱ Valuengoȱ areaȱ andȱ theȱ
associatedȱmineralizationȱ
Theȱstudiedȱalbititeȱoccurrencesȱareȱ locatedȱ inȱaȱgeologicallyȱcomplexȱareaȱ
nearȱ theȱ denominatedȱ Valuengoȱ Domeȱ (Fig.ȱ 1),ȱ inȱ theȱ southernȱ limbȱ ofȱ theȱ
VariscanȱOlivenzaȬMonesterioȱAntiformȱ (OMA,ȱFigȱ3,ȱChapterȱ I).ȱTheȱValuengoȱ
areaȱ isȱ oneȱ ofȱ theȱ fewȱ areasȱ inȱ theȱ Ossaȱ Morenaȱ Zoneȱ whereȱ highȱ gradeȱ
metamorphicȱ rocksȱ canȱ beȱ found.ȱ Itȱ consistsȱ ofȱ aȱ NȬSȱ elongatedȱ ellipsoidalȱ
structureȱofȱ7x4ȱkmȱwithȱhighȱgradeȱmetamorphicȱrocksȱinȱtheȱcoreȱ(theȱgneissicȬ
migmatiticȱ Valuengoȱ Formationȱ ofȱ Coullautȱ etȱ al.,ȱ 1981).ȱ Theseȱ rocksȱ areȱ
surroundedȱ byȱ theȱ detriticȱ andȱ peliticȱ rocksȱwithȱmiloniticȱ foliationȱ ofȱ theȱ Lasȱ
Mayorgasȱ Formation,ȱ probablyȱ equivalentȱ toȱ theȱ synȬCadomianȱ Malcocinadoȱ
Formationȱ(ApraizȱandȱEguiluz,ȱ1996;ȱApraiz,ȱ1998;ȱExpósito,ȱ2000;ȱExpósitoȱetȱal.,ȱ
2003,ȱseeȱFig.2,ȱChapterȱ1).ȱThisȱformationȱhasȱaȱcharacteristicȱ layerȱofȱcarbonaticȱ
rocksȱwhichȱ isȱrelatedȱ toȱ theȱmagnetiteȱdepositsȱofȱ theȱColmenarȬSanȱGuillermoȬ
SantaȱJustaȱgroupȱ(Coullaut,ȱ1979;ȱCuervoȱetȱal.,ȱ1996;ȱTornosȱetȱal.,ȱ2004;ȱSanabriaȱ
etȱ al.,ȱ 2005).ȱ Thisȱ successionȱ isȱ thenȱ followedȱ byȱ aȱ thickȱ (11Ȭ150ȱ m)ȱ unitȱ ofȱ
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limestone,ȱ ofȱ likelyȱ EarlyȱCambrianȱ age.ȱAsȱ itȱ canȱ beȱ seenȱ inȱ theȱ Figureȱ 1,ȱ theȱ
Neoproterozoicȱ lowȱmetamorphicȱgradeȱmetasedimentsȱofȱ theȱ SerieȱNegraȱUnitȱ
areȱoverthrustingȱtheȱpreviousȱrocks.ȱTheseȱthrustsȱareȱprobablyȱrelatedȱtoȱtheȱfirstȱ
deformationȱphaseȱofȱtheȱVariscanȱorogenyȱ(ApraizȱandȱEguiluz,ȱ1996).ȱ
Atȱaȱregionalȱscale,ȱtheȱcontactȱbetweenȱtheȱEarlyȱCambrianȱlimestoneȱandȱ
overlyingȱvolcanosedimentaryȱrocksȱofȱ theȱriftȱsequenceȱareȱ theȱ lociȱofȱabundantȱ
(subȬ)ȱexhalativeȱ strataboundȱ ironȱoxideȱmineralizationȱ thatȱ canȱbeȱ tracedȱalongȱ
bothȱ limbsȱ ofȱ theȱOMAȱ (Vázquezȱ andȱ Fernándezȱ Pompa,ȱ 1976;ȱCoullaut,ȱ 1979;ȱ
Dupont,ȱ1979;ȱTornosȱetȱal,ȱ2004;ȱCarriedoȱandȱTornos,ȱ2010).ȱ
ȱ
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Theȱhighȱtemperature/lowȱpressureȱmetamorphismȱthatȱisȱespeciallyȱvisibleȱ
inȱtheȱcoreȱofȱtheȱValuengoȱDomeȱproducedȱwidespreadȱanatexisȱofȱtheȱrocksȱandȱ
theȱ gradeȱ decreasesȱ drasticallyȱ toȱ theȱ edgeȱ ofȱ theȱ structureȱ whereȱ theȱ
metamorphismȱ isȱofȱmediumȱ toȱ lowȱgrade.ȱThisȱstrongȱmetamorphicȱgradientȱ isȱ
associatedȱtoȱanȱextensionalȱsteeplyȱdippingȱductileȱshearȱzoneȱchannelizedȱbyȱtheȱ
LasȱMayorgasȱFormationȱthatȱhasȱbeenȱclearlyȱobservedȱinȱseveralȱopenȱpitsȱofȱtheȱ
westernȱpartȱofȱ theȱdome.ȱFollowingȱ thisȱ structureȱ toȱ theȱ south,ȱ theȱMonesterioȱ
metamorphicȱ complexȱ andȱ theȱLoraȱdelȱRíoȱCoreȱComplexȱ (Apraizȱ etȱ al.,ȱ 1993;ȱ
ApraizȱandȱEguiluz,ȱ2002;ȱPereiraȱetȱal.,ȱ2009)ȱ shareȱmanyȱofȱ theȱ featuresȱofȱ theȱ
ValuengoȱDomeȱ(Fig.3,ȱChapterȱ1).ȱ
Oneȱ controversyȱ inȱ theȱValuengoȱDomeȱ isȱ theȱ ageȱ ofȱ theȱmetamorphismȱ
andȱ domeȱ formation,ȱ ifȱ beingȱ preȬVariscanȱ orȱ coetaneousȱ withȱ theȱ Variscanȱ
deformation.ȱSomeȱ interpretationsȱconsiderȱ themȱasȱ relatedȱ toȱcrustalȱ thickeningȱ
andȱ collapseȱ duringȱ theȱ secondȱ deformationȱ phaseȱ ofȱ theȱ Variscanȱ orogenyȱ
(Ábalosȱ andȱ Díazȱ Cusí,ȱ 1995;ȱ Apraizȱ andȱ Eguíluz,ȱ 1996;ȱ Apraiz,ȱ 1998).ȱ Theseȱ
interpretationsȱareȱbasedȱonȱstructuralȱcriteriaȱsuchȱasȱ theȱexistenceȱofȱneosomesȱ
showingȱ onlyȱ oneȱ phaseȱ ofȱ penetrativeȱ deformation.ȱ Recentȱ radiogenicȱ isotopeȱ
andȱ geochronologicalȱ dataȱ ofȱCarriedoȱ (Ph.D.ȱ inȱ prep.)ȱ areȱ consistentȱwithȱ thisȱ
modelȱsinceȱUȬPbȱagesȱofȱsomeȱdykesȱofȱalbititeȱwithinȱtheȱshearȱzoneȱsuggestȱthatȱ
theȱ ageȱ ofȱ theȱ albitite,ȱ theȱ relatedȱ mineralizationȱ andȱ theȱ formationȱ ofȱ theȱ
ValuengoȱDomeȱComplexȱisȱVariscan,ȱca.ȱ340ȱMa.ȱTheȱLoraȱdelȱRíoȱcomplex,ȱtoȱtheȱ
Southȱ ofȱ Valuengoȱ andȱ Monesterioȱ areasȱ hasȱ beenȱ alsoȱ interpretedȱ asȱ anȱ
extensionalȱ coreȱ complexȱ structure,ȱ datedȱ atȱ ca.ȱ 340ȱMaȱ (Apraizȱ andȱ Eguíluz,ȱ
2002).ȱ Otherȱ interpretationsȱ suggestȱ thatȱ theȱ metamorphismȱ isȱ preȬVariscanȱ
(Expósitoȱetȱal.,ȱ2003;ȱAzorȱetȱal.,ȱ2004;ȱSánchezȬGarcíaȱetȱal.,ȱ2003,ȱ2008,ȱ2010)ȱasȱ
theȱ myloniticȱ foliationȱ relatedȱ toȱ theȱ shearȱ zoneȱ isȱ foldedȱ byȱ theȱ Variscanȱ
recumbentȱ folds.ȱ Expósitoȱ etȱ al.,ȱ (2003)ȱ haveȱ appliedȱ theȱ singleȱ zirconȱ PbȬPbȱ
methodȱ inȱ bothȱ anȱ orthogneissȱ andȱ undeformedȱ micrograniteȱ inȱ Valuengo,ȱ
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obtainingȱagesȱofȱ532±5ȱMaȱandȱ480±7ȱMaȱrespectively.ȱInȱaddition,ȱtheȱMonesterioȱ
Complexȱ sharesȱ manyȱ structuralȱ featuresȱ ofȱ Valuengoȱ withȱ highȱ gradeȱ
metamorphicȱ rocksȱ croppingȱoutȱ enclosedȱbyȱbranchȱ linesȱofȱ theȱ sameȱVariscanȱ
thrustȬsystem.ȱDespiteȱtheȱgeochronologicalȱdataȱareȱnotȱveryȱprecise,ȱtheȱagesȱforȱ
theȱ Monesterioȱ Metamorphicȱ Complexȱ rangeȱ alsoȱ betweenȱ 530ȱ andȱ 500ȱ Maȱ
(Schäfer,ȱ1990;ȱOchner,ȱ1993;ȱOrdoñezȱCasado,ȱ1998;ȱMonteroȱetȱal.,ȱ1999).ȱTheseȱ
dataȱ supportȱ theȱ connectionȱ ofȱ theȱ metamorphismȱ ofȱ theȱ Valuengoȱ andȱ theȱ
Monesterioȱ complexesȱwithȱ theȱ preȬVariscanȱ riftingȱ stageȱ thatȱ occurredȱ inȱ theȱ
OMZȱduringȱtheȱCambrianȬOrdovicianȱ(Expósitoȱetȱal.,ȱ2003).ȱȱ
Theȱalbititeȱbodiesȱareȱabundantȱalongȱtheȱeasternȱandȱsouthernȱmarginsȱofȱ
theȱValuengoȱDome,ȱandȱareȱlocatedȱwithinȱtheȱzoneȱofȱmajorȱdetachmentȱ(Fig.ȱ1),ȱ
whichȱprobablyȱcontrolledȱtheȱlevelȱofȱintrusionȱofȱtheȱalbitite.ȱThereȱareȱupȱtoȱsixȱ
intrusiveȱ bodies,ȱ someȱ ofȱ themȱmoreȱ thanȱ 4ȱ kmȱ longȱ (IGME,ȱ 1972).ȱ Theȱmostȱ
significantȱonesȱareȱtheȱLaȱBerronaȱandȱLosȱRemediosȱStocks,ȱintrudingȱtheȱEarlyȱ
Cambrianȱ limestoneȱandȱ relatedȱ shaleȱandȱ calcȬsilicateȱhornfelsȱbutȱalsoȱ theȱ lateȱ
Neoproterozoicȱblackȱshaleȱ (SerieȱNegraȱUnit).ȱThereȱareȱalsoȱsomeȱalbititeȱdykeȱ
warmsȱ crosscuttingȱ theȱBurguillosȱdelȱCerroȱVariscanȱ intrusionȱ (Bachillerȱ etȱ al.,ȱ
1997)ȱorȱtheȱLasȱMayorgasȱFmȱ inȱtheȱColmenarȱMineȱareaȱ(CarriedoȱandȱTornos,ȱ
2010).ȱ Otherȱ albititeȱ intrusionsȱ suchȱ asȱ theȱ Feriaȱ Stockȱ areȱ directlyȱ relatedȱ toȱ
Cambrianȱvolcanicȱrocks.ȱTheȱcontactsȱbetweenȱtheȱcountryȱrocksȱandȱtheȱalbititeȱ
bodiesȱ areȱ sharpȱ andȱ sometimesȱ replaciveȱwithȱ developmentȱ ofȱminorȱ barrenȱ
calcicȱgarnetȬrichȱskarn.ȱTheȱintrusionsȱcausedȱonlyȱslightȱcontactȱmetamorphismȱ
thatȱisȱusuallyȱnonȬevident.ȱ
ȱTheȱ albititeȱ stocksȱ atȱ theȱ eastȱ ofȱ theȱValuengoȱDomeȱ areȱ datedȱ atȱ Earlyȱ
Cambrianȱ ageȱ (Laȱ Berronaȱ andȱ Losȱ Remedios).ȱ Carriedoȱ andȱ Tornosȱ (2010)ȱ
addressedȱ anȱ ageȱ ofȱ ca.ȱ 520ȱMaȱ inȱ Laȱ Berronaȱ (UȬPbȱ SHRIMP)ȱwhileȱ SánchezȬ
Garcíaȱetȱal.ȱ(2008)ȱdatedȱLosȱRemediosȱStockȱbyȱUȬPbȱZirconȱ(TIMS)ȱatȱ517±2ȱMa.ȱ
Currently,ȱ theseȱ albititeȱ bodiesȱ areȱ interpretedȱ asȱ coetaneousȱ andȱ geneticallyȱ
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relatedȱ toȱ theȱ alkalineȱ toȱ tholeiiticȱ igneousȱ activityȱ developedȱ duringȱ theȱ postȬ
Cadomianȱ riftingȱstageȱ thatȱ tookȱplaceȱ inȱ theȱOssaȱMorenaȱZoneȱ fromȱ theȱEarlyȱ
CambrianȱtoȱtheȱMidȱOrdovicianȱ(SánchezȬGarcíaȱetȱal.,ȱ2003,ȱ2008,ȱ2010).ȱThereȱisȱ
anȱearlyȱriftȬrelatedȱigneousȱsuite,ȱofȱpredominantlyȱfelsicȱcompositionȱandȱrelatedȱ
toȱ coreȱ complexȱ formationȱ andȱmiddleȱ toȱ upperȱ crustalȱmigmatisation,ȱ andȱ aȱ
secondȱevent,ȱtheȱmainȱriftȬrelatedȱigneousȱsuite,ȱwithȱaȱyoungerȱandȱvoluminousȱ
bimodalȱ associationȱ emplacedȱduringȱ theȱ climaxȱ ofȱ theȱupperȱ crustalȱ extensionȱ
andȱbasinȱcompartmentalizationȱ(SánchezȬGarcíaȱetȱal.,ȱ2003).ȱ
Onȱ theȱ basisȱ ofȱ theȱ geologicalȱ relationshipsȱ andȱ theȱ flatȱ REEȱ chondriteȬ
normalizedȱ patterns,ȱ theȱ albititeȱ intrudedȱ duringȱ thisȱ periodȱ isȱ interpretedȱ asȱ
associatedȱ toȱ theȱmaficȱ rocksȱ andȱ equivalentȱ toȱ oceanicȱ plagiogranitesȱwithȱNȬ
MORBȱaffinitiesȱ(SánchezȬGarcíaȱetȱal.,ȱ2003,ȱ2010;ȱBellidoȱetȱal.,ȱ2010).ȱEtxebarriaȱ
etȱal.ȱ(2006)ȱalsoȱaddressȱtheȱsimilaritiesȱonȱtheȱcompositionȱofȱtheȱalbititeȱwithȱthatȱ
ofȱtheȱoceanȱridgeȱplagiograniteȱandȱtheȱfactȱthatȱsomeȱalbititeȱbodiesȱareȱrelatedȱtoȱ
gabbro.ȱ Theȱ ultimateȱ originȱ wouldȱ beȱ theȱ extremeȱ fractionationȱ ofȱ aȱ basalticȱ
magmaȱ(SánchezȬGarcíaȱetȱal.,ȱ2003,ȱ2008,ȱ2010;ȱBellidoȱetȱal.,ȱ2010)ȱorȱtheȱpartialȱ
meltingȱofȱaȱtholeiiticȱgabbroȱ(Etxeberriaȱetȱal.,ȱ2006).ȱȱ
SomeȱalbititeȱinȱtheȱValuengoȱareaȱisȱofȱclearȱVariscanȱage.ȱTheȱalbititeȱdykeȱ
swarmsȱofȱBurguillosȱdelȱCerroȱcrosscutȱtheȱhomonymousȱintrusionȱandȱare,ȱthus,ȱ
youngerȱthanȱ340±4ȱMaȱ(Monteroȱetȱal.,ȱ2002).ȱTheyȱhaveȱbeenȱdatedȱatȱ337±7ȱMaȱ
(RbȬSr;ȱBachillerȱ etȱal.ȱ1997).ȱAlso,ȱ someȱ smallȱ elongatedȱ stocksȱandȱdykesȱwithȱ
apliticȱ toȱpegmatiticȱstructuresȱofȱ theȱwesternȱValuengoȱareaȱhaveȱbeenȱdatedȱasȱ
VariscanȱbyȱCarriedoȱ (Ph.D.,ȱ inȱprep.).ȱTheseȱdataȱ suggestȱ thatȱ inȱ theȱValuengoȱ
areaȱthereȱareȱatȱleastȱtwoȱeventsȱofȱalbititeȱformation.ȱ
Closeȱ toȱ theȱValuengoȱDome,ȱ theȱmainȱVariscanȱplutonicȱ complexȱ inȱ theȱ
OMAȱ isȱ locatedȱasȱ subcircularȱgroupsȱofȱ largeȱcalcȬalcalineȱbodiesȱ includingȱ theȱ
ValenciaȱdelȱVentoso,ȱLaȱBazana,ȱBrovalesȱ (340±4ȱMa,ȱMonteroȱ etȱal.,ȱ2000)ȱandȱ
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BurguillosȱdelȱCerroȱ(330±9ȱMa,ȱBachillerȱetȱal.,ȱ1996,ȱ1997;ȱca.ȱ335ȱMa,ȱDallmeyerȱ
etȱ al.,ȱ 1995ȱ andȱ ca.ȱ 335ȱMa,ȱ Casquetȱ etȱ al.,ȱ 1998)ȱ plutons.ȱ Someȱ ofȱ themȱ haveȱ
developedȱ calcicȱ skarnsȱ onȱ theȱ adjacentȱ Cambrianȱ limestoneȱ (e.g.,ȱ theȱ Santaȱ
BárbaraȱmineȱinȱtheȱBrovalesȱplutonȱandȱtheȱabundantȱmagnetiteȱdepositsȱaroundȱ
theȱBurguillosȱdelȱCerroȱpluton,ȱTornosȱetȱal.,ȱ2004).ȱ
III.2.1.ȱFeȱoxideȱ(±ȱCuȱ±ȱAu)ȱdepositsȱassociatedȱtoȱtheȱalbititeȱinȱtheȱValuengoȱ
areaȱ
AsȱshownȱinȱtheȱFigureȱ1,ȱthereȱareȱseveralȱmagnetiteȱoccurrencesȱspatiallyȱ
associatedȱ toȱ theȱ albititeȱ inȱ theȱValuengoȱ area.ȱ Firstȱ consideredȱ asȱ beingȱ calcicȱ
skarnsȱ (Coullautȱ etȱ al.,ȱ 1972)ȱ orȱ asȱ ofȱ sedimentaryȱ originȱ associatedȱ toȱ theȱ
Cambrianȱ volcanismȱ (Doetch,ȱ 1967;ȱ Dupont,ȱ 1979)ȱ someȱ ofȱ themȱ haveȱ beenȱ
recentlyȱreclassifiedȱasȱIOCGȱ(ironȱoxideȬcopperȱgold)ȱstyleȱdepositsȱbyȱTornosȱetȱ
al.ȱ (2003),ȱ Tornosȱ andȱ Casquetȱ (2005)ȱ andȱ Carriedoȱ andȱ Tornosȱ (2010).ȱ Mainȱ
argumentsȱincludeȱtheȱrelationshipȱwithȱaȱsodicȬ(calcic)ȱalteration,ȱtheȱpresenceȱofȱ
replaciveȱalbiteȬactinoliteȬmagnetite,ȱtheȱhighȱREEȬUȱcontentsȱandȱtheȱabundanceȱ
ofȱ scapolite.ȱ Mostȱ ofȱ theȱ orebodiesȱ areȱ small,ȱ andȱ onlyȱ someȱ ofȱ themȱ wereȱ
exploitedȱforȱ ironȱduringȱ theȱpastȱcenturyȱwithȱaȱtotalȱproductionȱofȱ2ȱtoȱ4ȱMtȱ@ȱ
55–60%ȱFeȱ(inȱtheȱSanȱGuillermoȬColmenarȬSantaȱJustaȱgroup,ȱDupont,ȱ1979).ȱTheȱ
mineralizationȱ occursȱ asȱ strataboundȱ (Bismark,ȱ Elȱ Soldado,ȱ Lasȱ Galerías,ȱ
Colmenar),ȱreplaciveȱskarnȱandȱbrecciaȱ(SantaȱBárbara,ȱColmenar,ȱLaȱBerrona)ȱandȱ
stockworkȱ irregularȱ bodiesȱ (Laȱ Berrona)ȱ associatedȱ withȱ albititeȱ dykesȱ orȱ
intrusionsȱ(CarriedoȱandȱTornos,ȱ2010).ȱTheȱoreȱisȱmainlyȱcomposedȱofȱmagnetiteȱ
associatedȱ withȱ albiteȱ andȱ actinoliteȱ withȱ minorȱ proportionsȱ ofȱ adularia,ȱ
hedenbergite,ȱbiotite,ȱquartz,ȱcarbonates,ȱilvaiteȱandȱtitanite.ȱTheȱsulfideȱcontentȱisȱ
generallyȱ low,ȱwithȱonlyȱsomeȱchalcopyrite,ȱpyrite,ȱpyrrhotiteȱandȱtraceȱamountsȱ
ofȱmilleriteȱ andȱ cobaltite,ȱbesidesȱ significantȱ amountsȱofȱ titanite,ȱ allanite,ȱ zirconȱ
andȱ apatiteȱ (Tornosȱ etȱ al.,ȱ 2004).ȱ Inȱ someȱ cases,ȱ thisȱ epigeneticȱmineralizationȱ
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crosscutȱ earlierȱ strataboundȱmagnetiteȱ depositsȱ inȱ theȱ hostȱ volcanosedimentaryȱ
rocksȱ(Sanabriaȱetȱal.,ȱ2005;ȱCarriedoȱetȱal.,ȱ2009).ȱȱ
Also,ȱ inȱ theȱ westernȱ partȱ ofȱ theȱ Valuengoȱ Dome,ȱ theȱ Colmenarȱ mineȱ
includesȱ complexȱ strataboundȱ actinoliteȬalbiteȬmagnetiteȱ replacementȱ bodiesȱ
associatedȱwithȱ theȱ albititicȱ dykesȱ cappedȱ byȱmagmaticȬhydrothermalȱ brecciasȱ
(Sanabriaȱetȱal.,ȱ2005;ȱCarriedoȱandȱTornos,ȱ2010).ȱ
Besidesȱ thisȱ hydrothermalȱmineralizationȱ styleȱ inȱ theȱ area,ȱ thereȱ isȱ someȱ
differentȱmineralizationȱ asȱ inȱ theȱ Laȱ ValeraȱMine,ȱ locatedȱ toȱ theȱ southȱ ofȱ theȱ
Valuengoȱ Domeȱ (Fig.ȱ 1).ȱ Coullautȱ etȱ al.ȱ (1980)ȱ describedȱ pyroclasticȱ rocksȱ ofȱ
daciticȱ compositionȱwithȱ interbeddedȱ layersȱ richȱ inȱ fragmentalȱmagnetite.ȱHere,ȱ
theȱ presenceȱ ofȱ someȱ columnarȱ jointingȱ structuresȱ andȱ magnetiteȬsupportedȱ
brecciasȱ suggestȱ aȱmagmaticȱ originȱ forȱ theȱmineralization,ȱ crystallizedȱ fromȱ anȱ
ironȱoxideȱmeltȱimmiscibleȱfromȱaȱsilicateȱmeltȱ(Carriedoȱetȱal.,ȱ2009,ȱ2010).ȱȱ
Aȱ comprehensiveȱ characterizationȱ ofȱ theȱ geology,ȱ mineralogy,ȱ isotopeȱ
geochemistryȱandȱgeochronologyȱofȱtheȱmagnetiteȱ(±Cu±Au)ȱdepositsȱofȱtheȱOssaȱ
MorenaȱZoneȱ canȱ beȱ foundȱ inȱCarriedoȱ andȱ Tornosȱ (2010)ȱ andȱCarriedoȱ Ph.D.ȱ
thesisȱ(inȱprep.).ȱ
III.2.2.ȱGeologyȱofȱtheȱLaȱBerronaȱStockȱ
TheȱLaȱBerronaȱStockȱ isȱ locatedȱ inȱ theȱeasternȱzoneȱofȱ theȱValuengoȱareaȱ
(Fig.1).ȱ Itȱ isȱanȱNȬSȱelongatedȱ intrusionȱ thatȱwasȱemplacedȱwithinȱ theȱ limestone,ȱ
calcȬsilicateȱ hornfelsȱ andȱ shaleȱ ofȱ theȱ EarlyȱCambrianȱ sequence.ȱRoofȱ pendantsȱ
andȱ enclavesȱ ofȱ limestoneȱ andȱ calcȬsilicateȱhornfelsȱ (partiallyȱ replacedȱ byȱ calcicȱ
skarn)ȱareȱwidespreadȱaboveȱtheȱalbititeȱsuggestingȱthatȱtheȱcurrentȱoutcropsȱareȱ
nearȱtoȱtheȱoriginalȱroofȱofȱtheȱintrusion.ȱTheȱeasternȱlimitȱofȱtheȱintrusionȱisȱaȱNȬSȱ
trendingȱandȱ lowȱdippingȱthrustȱofȱ likelyȱVariscanȱageȱthatȱoverthrustsȱtheȱearlyȱ
CambrianȱsequenceȱandȱtheȱalbititeȱoverȱNeoproterozoicȱshaleȱandȱquartzite.ȱ
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Theȱalbititeȱ isȱaȱwhitishȱunorientedȱandȱmassiveȱrockȱmainlyȱcomposedȱofȱ
quartzȱ (~ȱ 1ȱ cm,ȱ roundedȱ toȱ euhedral)ȱ andȱ albiteȱ (~ȱ 1cm,ȱ roundedȱ toȱ euhedral)ȱ
phenocrystsȱ withȱ onlyȱ someȱ potassicȱ feldsparȱ phenocrystsȱ inȱ aȱ fineȱ grainedȱ
groundmassȱ composedȱ ofȱ theȱ sameȱ mineralsȱ (Fig.ȱ 2A).ȱ Commonȱ accessoryȱ
mineralsȱ areȱ biotite,ȱ clinoamphibole,ȱ clinopyroxene,ȱ magnetite,ȱ apatite,ȱ zircon,ȱ
carbonatesȱandȱ fluorite.ȱThereȱareȱalsoȱ someȱ remnantsȱofȱ formerȱphenocrystsȱofȱ
maficȱmineralsȱ (clinoamphiboleȱorȱbiotite)ȱalmostȱ totallyȱ replacedȱbyȱalbiteȱplusȱ
quartz.ȱ Theȱ plagioclaseȱ phenocrystsȱ showȱ theȱ characteristicȱ polysyntheticȱ
twinningȱ (Fig.ȱ2B)ȱbutȱoccasionallyȱ theyȱhaveȱanȱexternalȱ rimȱwithȱaȱmoreȱsodicȱ
composition,ȱ interpretedȱ asȱ dueȱ toȱ theȱ presenceȱ ofȱ aȱ subtleȱ autometasomaticȱ
alterationȱ relatedȱ toȱ theȱ fluidȱ exsolutionȱ duringȱ theȱ crystallizationȱ ofȱ theȱmelt,ȱ
whichȱwasȱ alsoȱ responsibleȱ ofȱ theȱ replacementȱ ofȱ theȱmaficȱmineralsȱ byȱ albite.ȱ
Otherwise,ȱtheȱrockȱdoesȱnotȱshowȱanyȱevidenceȱofȱhydrothermalȱalteration.ȱTheȱ
rockȱshowsȱabundantȱgranophyricȱtextures,ȱmainlyȱofȱKȱfeldsparȱwithȱvermicularȱ
quartzȱ (Fig.ȱ 2C).ȱTheseȱ texturesȱ areȱ indicativeȱ ofȱ rapidȱ crystallizationȱ ofȱ aȱmeltȱ
withȱ aȱ compositionȱ closeȱ toȱ thatȱ ofȱ theȱ eutecticȱ (Winter,ȱ 2010).ȱ Evidencesȱ ofȱ
replacementȱofȱKȬfeldsparȱorȱotherȱmineralsȱ(exceptȱthatȱofȱtheȱmaficȱmineralsȱbyȱ
albite)ȱhaveȱbeenȱnotȱobserved.ȱȱTheȱrockȱisȱcrosscutȱbyȱwavyȱandȱsegmentedȱveinsȱ
thatȱareȱconsideredȱtoȱbeȱformedȱpriorȱtheȱrockȱwasȱcompletelyȱconsolidatedȱ(Fig.ȱ
2D).ȱ
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Figureȱ 2.ȱ Transmittedȱ lightȱ microscopeȱ photographsȱ (polarizedȱ light)ȱ ofȱ theȱ
albitite.ȱ(A)ȱPorphyriticȱtextureȱwithȱphenocrystsȱofȱquartzȱandȱalbiteȱinȱaȱ
groundmassȱ withȱ theȱ sameȱ minerals.ȱ (B)ȱ Plagioclaseȱ phenocrystsȱ
showingȱ anȱ untwinedȱ externalȱ zoneȱ ofȱ albite,ȱ probableȱ productȱ ofȱ
autometasomaticȱ reaction.ȱ (C)ȱ Myrmekiticȱ textureȱ withȱ intergrownȱ
quartzȱandȱalbite.ȱ(D)ȱQuartzȱAȬtypeȱveinȱinȱtheȱalbititeȱ(seeȱFigs.ȱ3Fȱandȱ
3G)ȱwithȱwavyȱandȱsegmentedȱshapesȱandȱcrosscuttingȱtheȱgroundmass.ȱ
Theȱ emplacementȱ ofȱ theȱ albititeȱ wasȱ probablyȱ accompaniedȱ byȱ theȱ
developmentȱofȱ aȱ carapaceȱ thatȱ isolatedȱ theȱmeltȱ fromȱ theȱhostȱ rocks.ȱTheȱonlyȱ
fieldȱevidenceȱofȱtheȱexistenceȱofȱsuchȱaȱcarapaceȱisȱtheȱfineȱgrainedȱnatureȱofȱtheȱ
groundmassȱ(<0.2ȱmm)ȱthatȱcontrastsȱwithȱtheȱmoreȱcoarseȱgrainedȱoneȱ(0.5Ȭ1ȱmm)ȱ
withinȱtheȱcoreȱofȱtheȱintrusion.ȱȱ
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Theȱconditionsȱofȱemplacementȱofȱ theȱalbititeȱareȱdifficultȱ toȱestablishȱdueȱ
toȱ theȱ lackȱofȱgeobarometersȱandȱofȱnoticeableȱ contactȱmetamorphism.ȱContactsȱ
withȱtheȱhostȱrockȱareȱsharpȱandȱdiscordantȱwithȱmagmaticȱhydrothermalȱbrecciasȱ
atȱtheȱtopȱofȱtheȱintrusion.ȱTheȱminimumȱestimatedȱtemperatureȱofȱcrystallizationȱ
isȱca.ȱ600ºȱtoȱ800ȱºCȱasȱestimatedȱfromȱtheȱmeltȱinclusionȱdataȱ(seeȱbelow).ȱȱ
Besidesȱ theȱLaȱBerronaȱ albitite,ȱ theȱLaȱBerronaȱdepositȱ isȱ alsoȱ studiedȱ inȱ
detailȱ inȱ thisȱ chapterȱ inȱ orderȱ toȱ establishȱ theȱ magmaticȬhydrothermalȱ fluidȱ
evolutionȱ reflectingȱ theȱ continuumȱ fromȱ theȱmagmatismȱ toȱ theȱ fluidȱ exsolutionȱ
andȱ theȱ hydrothermalȱ fluidȱ circulationȱ relatedȱ toȱ theȱ oreȱ formation.ȱ Inȱ theȱ
introductionȱofȱthisȱchapter,ȱsomeȱexamplesȱhaveȱbeenȱaddressedȱ inȱwhichȱsomeȱ
Feȱ oxide–(±CuȬ±Au)ȱ mineralizationȱ worldwideȱ isȱ relatedȱ toȱ largeȱ volumesȱ ofȱ
metasomaticȱ albititeȱ (e.g.,ȱRubenachȱ andȱ Lewthwaite,ȱ 1992;ȱ Perringȱ etȱ al.,ȱ 2001;ȱ
Corriveau,ȱ 2007).ȱ Itȱ isȱ proposedȱ inȱ thisȱ studyȱ thatȱ theȱ albititeȱ relatedȱ toȱ theȱ Laȱ
Berronaȱ magnetiteȱ depositȱ isȱ ofȱ magmaticȱ origin,ȱ stronglyȱ contradictingȱ theȱ
currentȱgeneticȱmodelsȱ forȱ theȱalbititeȱ inȱ theseȱ typeȱofȱdepositsȱ (seeȱOliverȱetȱal.,ȱ
2004ȱforȱaȱgoodȱreviewȱofȱmetasomaticȱalbitizationȱrelatedȱtoȱFeȱoxideȱdeposits).ȱȱ
III.2.3.ȱOriginȱofȱtheȱFeȱoxideȱ(±CuȬ±Au)ȱdeposits:ȱaȱreviewȱȱ
Theȱ IOCGȱ sl.ȱ styleȱ ofȱ mineralizationȱ includeȱ bothȱ magnetiteȬapatiteȱ
deposits,ȱ usuallyȱ poorȱ inȱ sulfides,ȱ andȱ theȱ IOCGȱ ss.ȱ deposits,ȱ whereȱ theȱ ironȱ
oxidesȱ(magnetiteȱandȱhematite)ȱcoexistȱwithȱvariableȱamountsȱofȱironȱandȱcopperȱ
sulfidesȱandȱvariableȱamountsȱofȱgold.ȱTheseȱ twoȱ stylesȱofȱmineralizationȱ shareȱ
characteristicsȱsuchȱasȱtheȱrelationshipȱwithȱaȱhydrothermalȱalterationȱdominatedȱ
byȱalkaliȱ feldsparȱ (bothȱalbiteȱandȱKȱ feldspar),ȱactinolite/calcicȱpyroxene,ȱbiotite,ȱ
scapoliteȱandȱ theȱ lowȱproportionsȱofȱquartzȱandȱsulfides.ȱTheseȱsystemsȱareȱalsoȱ
characterizedȱbyȱtheȱcommonȱpresenceȱofȱmineralsȱrichȱinȱvolatilesȱsuchȱasȱP,ȱFȱorȱ
BȱandȱaȱsignificantȱenrichmentȱinȱUȱandȱREE.ȱDifferentȱgeneticȱmodelsȱhaveȱbeenȱ
proposedȱbasedȱonȱtheȱtextureȱandȱstructureȱofȱtheȱore,ȱtheȱalterationȱpattern,ȱtheȱ
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geochemistryȱ andȱ theȱ modeȱ ofȱ occurrence.ȱ MagnetiteȬapatiteȱ depositsȱ areȱ
consideredȱ toȱ beȱ productȱ ofȱ theȱ directȱ crystallizationȱ ofȱ Fe–rich,ȱ TiȬpoorȱ oxideȱ
meltsȱ thatȱ haveȱ beenȱ separatedȱ fromȱ aȱ parentalȱ silicateȱ meltȱ (Nyströmȱ andȱ
Henriquez,ȱ1994;ȱNaslundȱetȱal.,ȱ2002;ȱHenriquezȱetȱal.,ȱ2003).ȱHowever,ȱthereȱareȱ
alternativeȱmodelsȱthatȱinvokeȱaȱmagmaticȬhydrothermalȱ(Hitzmanȱetȱal.,ȱ1992)ȱorȱ
sedimentaryȬhydrothermalȱ(BartonȱandȱJohnson,ȱ2000)ȱoriginȱforȱtheseȱores.ȱ
Thereȱ isȱaȱ typeȱofȱmagnetiteȬapatiteȱ rock,ȱ theȱ soȬcalledȱnelsoniteȱ (Watson,ȱ
1913,ȱKolker,ȱ1982)ȱthatȱisȱanȱigneousȱrockȱrichȱinȱTiȬrichȱmagnetite,ȱilmeniteȱandȱ
apatiteȱcommonlyȱassociatedȱ toȱanorthositicȱcomplexes.ȱAsȱ theȱmagnetiteȬapatiteȱ
rockȱinȱtheȱIOCG’sȱclan,ȱnelsoniteȱisȱinterpretedȱasȱformedȱbyȱdirectȱcrystallizationȱ
fromȱaȱFeȬȱTiȬȱPȱoxideȱmeltȱ thatȱcouldȱ representȱanȱ immiscibleȱmagmaȱexsolvedȱ
fromȱaȱsilicateȱmeltȱorȱdueȱtoȱextremeȱfractionalȱcrystallization.ȱPerhapsȱtheȱmajorȱ
differenceȱ ofȱ nelsoniteȱ regardingȱ theȱ magnetiteȬapatiteȱ oresȱ isȱ theȱ Tiȱ content,ȱ
whichȱisȱusuallyȱlowȱinȱtheȱlaterȱandȱhighȱinȱtheȱformerȱasȱwellȱasȱtheȱassociationȱ
toȱmagmaticȱ anorthositicȱ rocksȱwhichȱ areȱ commonȱ inȱ theȱ formerȱ (Kolker,ȱ 1982;ȱ
DymekȱandȱOwens,ȱ2001;ȱClarkȱandȱKontak,ȱ2004).ȱ
ȱIOCGȱ mineralizationȱ includesȱ bothȱ magnetiteȱ andȱ hematiteȱ (±CuȬFeȱ
sulfides,ȱ ±Au)ȱ depositsȱ formedȱ byȱ theȱ circulationȱ ofȱ hydrothermalȱ fluidsȱ thatȱ
replaceȱ sedimentary,ȱ volcanicȱ orȱ plutonicȱ rocks.ȱ Theȱ originȱ ofȱ theȱ fluidsȱ isȱ
controversialȱ andȱ differentȱ modelsȱ haveȱ beenȱ proposed.ȱ Theyȱ haveȱ beenȱ
interpretedȱ asȱ exsolvedȱ fromȱ magmaticȱ sources,ȱ bothȱ ofȱ maficȱ andȱ felsicȱ
compositionȱ(Pollard,ȱ2000,ȱ2001,ȱ2006;ȱPerringȱetȱal.,ȱ2000;ȱSillitoe,ȱ2003;ȱTornosȱetȱ
al.,ȱ2010).ȱAlternativeȱmodelsȱproposeȱ theȱ infiltrationȱofȱbrinesȱequilibratedȱwithȱ
evaporitesȱbutȱdrivenȱbyȱmagmaticȱheatȱ (Bartonȱandȱ Johnson,ȱ1996,ȱ2000,ȱ2004).ȱ
Regardlessȱofȱ theȱultimateȱorigin,ȱhighȱsalineȱ fluidsȱ (thatȱareȱcharacteristicȱofȱ theȱ
IOCG)ȱcarryȱmetalsȱasȱClȬcomplexesȱ thatȱprecipitateȱbyȱ fluidȬrockȱreactionȱorȱbyȱ
fluidȱmixingȱ (Williamsȱetȱal,ȱ2005).ȱTheȱvastȱamountsȱofȱ fluidsȱ involvedȱ inȱ theseȱ
systemsȱproduceȱ largeȱzonesȱofȱalkalineȬcalcic,ȱNaȱandȱKȬrich,ȱalterationȱusuallyȱ
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associatedȱwithȱ theȱgrowthȱofȱ calcicȱminerals,ȱeitherȱactinoliteȱorȱ clinopyroxene.ȱ
Bothȱ magnetiteȬapatiteȱ andȱ IOCGȱ stylesȱ ofȱ depositsȱ canȱ coexistȱ inȱ theȱ sameȱ
provinceȱsuchȱasȱinȱtheȱSkellefteȱdistrictȱinȱNȱEuropeȱ(Weihedȱetȱal.,ȱ2005)ȱandȱinȱ
theȱCentralȱAndesȱ(Tornosȱetȱal.,ȱ2011).ȱ
ȱ Asȱpointedȱbefore,ȱ thereȱareȱseveralȱmagnetiteȱdepositsȱdirectlyȱrelatedȱ toȱ
theȱ albititeȱwithinȱ theȱValuengoȱDomeȱ areaȱ (Fig.1).ȱOneȱ ofȱ theȱ largestȱ ofȱ theseȱ
deposits,ȱLaȱBerrona,ȱconstitutesȱanȱaccessibleȱandȱwellȱexposedȱmagnetiteȱdepositȱ
thatȱ wasȱ discoveredȱ inȱ 1979ȱ byȱ theȱ Geologicalȱ Surveyȱ ofȱ Spainȱ (IGME).ȱ Theȱ
depositȱwasȱneverȱexploitedȱbutȱ thereȱareȱ twoȱexplorationȱquarriesȱ (theȱ“Upper”ȱ
andȱ“Lower”ȱQuarries)ȱdoneȱforȱmetallurgicalȱtestsȱthatȱexposeȱtheȱmineralizationȱ
andȱ theȱhostȱrocks.ȱLaȱBerronaȱdepositȱhasȱbeenȱrecentlyȱcatalogedȱasȱ IOCGȬlikeȱ
depositȱ byȱ Tornosȱ etȱ al.ȱ (2003),ȱ Tornosȱ andȱ Casquet,ȱ (2005)ȱ andȱ Carriedoȱ andȱ
Tornos,ȱ(2010)ȱasȱitȱsharesȱsomeȱcharacteristicsȱofȱtheȱIOCGȱdepositsȱasȱtheȱtypicalȱ
magnetiteȬalbiteȬactinoliteȱ alterationȱ patternȱ orȱ theȱ poorȱ sulfideȱ content.ȱ Inȱ thisȱ
chapterȱLaȱBerronaȱdepositȱisȱstudiedȱinȱdetailȱinȱorderȱtoȱestablishȱtheȱmagmaticȬ
hydrothermalȱfluidȱevolutionȱreflectingȱtheȱcontinuumȱfromȱearlyȱmagmaticȱtoȱtheȱ
lateȱhydrothermalȱfluidȱcirculationȱandȱitsȱrelationshipȱtoȱoreȱformation.ȱȱ Inȱ theȱ
introductionȱ ofȱ thisȱ chapter,ȱ someȱ examplesȱ haveȱ beenȱ addressesȱ inȱwhichȱ Feȱ
oxide–(CuȬȱAu)ȱmineralizationȱworldwideȱ isȱrelatedȱ to,ȱ inȱsomeȱcasesȱveryȱ largeȱ
volumesȱofȱmetasomaticȱalbititeȱ(e.g.,ȱRubenachȱandȱLewthwaite,ȱ1992;ȱPerringȱetȱ
al.,ȱ2001;ȱCorriveau,ȱ2007).ȱȱ
III.2.4.ȱLaȱBerronaȱdepositȱasȱaȱcaseȱstudyȱofȱmagnetiteȱmineralizationȱrelatedȱtoȱ
albititeȱ
TheȱLaȱBerronaȱdepositȱ isȱ situatedȱ atȱ theȱnortheasternȱpartȱofȱ theȱ albititeȱ
stockȱofȱtheȱsameȱnameȱinȱtheȱValuengoȱarea,ȱ20ȱkmȱeastȱofȱJerezȱdeȱlosȱCaballerosȱ
(Badajoz,ȱSpain)ȱandȱcoversȱaȱsurfaceȱareaȱofȱaroundȱ800ȱm2ȱ (Fig.ȱ3).ȱ Inȱ1979,ȱ theȱ
IGMEȱmadeȱaȱdrillingȱcampaignȱandȱrecoveredȱ71ȱverticalȱdrillȱcoresȱinȱaȱregularȱ
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netȱofȱ50*50ȱm,ȱ estimatingȱ reservesȱofȱ26.2ȱMtȱoreȱwithȱ26.8%ȱFe,ȱ0.325%ȱPȱandȱ
2.97%ȱNa2O+K2O.ȱUnfortunatelyȱ allȱ theȱdrillȱ coresȱwereȱ thrownȱ toȱ anȱunknownȱ
place.ȱȱ
Theȱ magnetiteȱ mineralizationȱ replacedȱ anȱ earlyȱ Cambrianȱ sequenceȱ
occurringȱasȱaȱroofȱpendantȱorȱlateralȱtoȱtheȱalbititeȱstockȱ(IGME,ȱ1979;ȱCoullautȱetȱ
al.,ȱ 1980).ȱ Theȱmainȱ orebodyȱ coversȱ aȱ surfaceȱ areaȱ ofȱ aboutȱ 500x350ȱmȱ (IGME,ȱ
1979)ȱandȱhasȱaȱsubȬcylindricalȱshapeȱofȱN160°Eȱdirectionȱwithȱirregularȱpatchesȱofȱ
mineralizationȱbelowȱ(Fig.ȱ3).ȱInȱtheȱLowerȱQuarryȱitȱcanȱbeȱobservedȱthatȱbothȱtheȱ
albititeȱ andȱ theȱ calcȬsilicateȱ hornfelsȱ areȱ irregularlyȱ replacedȱ byȱ anȱ albiteȬ
actinoliteȬmagnetiteȱ alterationȱ assemblage.ȱ Theȱ mainȱ orebodyȱ showsȱ aȱ
conspicuousȱ bandingȱ consistingȱ ofȱ mmȱ toȱ cmȬthickȱ layersȱ ofȱ almostȱ
monominerallicȱ magnetiteȱ andȱ actinoliteȱ withȱ albiteȱ andȱ minorȱ amountsȱ ofȱ
epidote,ȱ scapolite,ȱ pyrite,ȱ pyrrhotite,ȱ chalcopyrite,ȱ apatite,ȱ titanite,ȱ calciteȱ andȱ
quartzȱ(Figs.ȱ4Aȱandȱ4B)ȱ(Tornosȱetȱal.,ȱ2004;ȱCarriedoȱandȱTornos,ȱ2010).ȱ
ȱȱ
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Figureȱ 3.ȱ Geologicalȱmapȱ ofȱ theȱ Laȱ Berronaȱ depositȱ (basedȱ onȱ IGME,ȱ 1975).ȱAȱ
simplifiedȱ3Dȱmodelȱofȱtheȱorebodyȱisȱalsoȱshown,ȱbasedȱonȱtheȱdrillȬcoreȱ
logging.ȱȱ
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InȱtheȱUpperȱQuarry,ȱprobablyȱexcavatedȱinȱwhatȱwasȱtheȱcoolingȱcarapaceȱ
ofȱ theȱ intrusionȱ (seeȱbelow),ȱ thereȱ areȱbrecciasȱ andȱ aȱwellȬdevelopedȱ stockworkȱ
system.ȱTheseȱbodiesȱareȱ lateralȱtoȱtheȱreplaciveȱmineralizationȱ(Fig.ȱ2)ȱbutȱ likelyȱ
representȱtheȱzonesȱofȱupwardsȱfluidȱcirculationȱgeneratedȱbyȱfluidȱoverpressureȱ
duringȱ theȱ exsolutionȱ ofȱ anȱ aqueousȱ phaseȱ fromȱ theȱ silicateȱmelt.ȱ Theȱ brecciaȱ
consistsȱ ofȱ fragmentsȱ ofȱ albititeȱ supportedȱ byȱ aȱ fineȱ grainedȱ hydrothermalȱ
grounndmassȱofȱmagnetite,ȱactinoliteȱandȱquartzȱ (Figs.ȱ4Cȱandȱ 4D).ȱTheȱalbititeȱ
fragmentsȱareȱbothȱangularȱandȱsubroundedȱwithȱequantȱtoȱelongatedȱshapesȱandȱ
sizesȱrangingȱfromȱ2ȱtoȱ20ȱcm,ȱshowingȱaȱ jigsawȱpattern.ȱTheyȱshowȱanȱirregularȱ
andȱ subtleȱ replacementȱbyȱ fineȱgrainedȱactinoliteȱandȱmagnetite.ȱTheȱ stockworkȱ
systemȱ isȱmarginalȱ toȱ theȱbrecciaȱandȱhereȱ theȱmagnetiteȱ fillsȱ irregularȱ fracturesȱ
betweenȱ heterometricȱ angularȱ fragmentsȱ ofȱ alteredȱ albititeȱ (Fig.ȱ 4E).ȱ Theȱ
mineralizationȱhasȱbeenȱ replacedȱbyȱsupergeneȱhematiteȱ inȱareasȱexposedȱ toȱ theȱ
surface,ȱalthoughȱthisȱhematiteȱisȱnotȱrelatedȱtoȱtheȱoreȱformationȱbutȱtoȱsecondaryȱ
alterationȱprocesses.ȱ
Withinȱtheȱalbititeȱandȱtheȱmineralizationȱthereȱareȱdifferentȱtypesȱofȱquartzȱ
veinsȱ andȱ hydrothermalȱ vugsȱ thatȱ areȱ suitableȱ forȱ fluidȱ inclusionȱ studies.ȱ Theȱ
uppermostȱ albititeȱ isȱ crosscutȱ byȱ quartzȱ veinsȱ havingȱ irregular,ȱ wavy,ȱ andȱ
sometimesȱ segmentedȱ shapesȱwithȱwidthsȱ rangingȱbetweenȱ1ȱandȱ3ȱ cmȱ (Fig.ȱ4Fȱ
andȱ 4G).ȱ Theseȱ veinsȱ areȱ broadlyȱ equivalentȱ toȱ theȱ AȬtypeȱ veinsȱ describedȱ inȱ
porphyryȱ copperȱ depositsȱ (Gustafsonȱ andȱ Hunt,ȱ 1975)ȱ andȱ otherȱ magmaticȬ
hydrothermalȱ systems.ȱ Theyȱ areȱ interpretedȱ asȱ formedȱ beforeȱ theȱ rockȱ wasȱ
completelyȱ solidified,ȱ i.e.,ȱ closeȱ toȱ theȱ brittleȬductileȱ transition.ȱCrosscuttingȱ theȱ
breccias,ȱthereȱisȱaȱsecondȱgenerationȱofȱquartzȱveinsȱwithȱconstantȱwidthsȱofȱ5ȱtoȱ8ȱ
cm.ȱTheseȱveinsȱhaveȱparallelȱwallsȱandȱaȱcontinuousȱ traceȱ thatȱ isȱ lackingȱ inȱ theȱ
firstȱgenerationȱofȱAȬveinsȱandȱareȱ thusȱ interpretedȱasȱ lateȱbrittleȱveinsȱ (Fig.ȱ4J).ȱ
Theȱ magmaticȬhydrothermalȱ brecciasȱ locallyȱ includeȱ smallȱ cavitiesȱ filledȱ withȱ
quartz,ȱ actinolite,ȱ biotiteȱ andȱ calciteȱ (Fig.ȱ 4H).ȱ Theseȱ cavitiesȱ areȱ probablyȱ
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synchronousȱwithȱtheȱvugsȱhavingȱtheȱsameȱassemblageȱandȱfoundȱinȱtheȱbandedȱ
oreȱwithinȱtheȱLowerȱQuarryȱ(Fig.ȱ4I).ȱȱ
ȱ
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Figureȱ4.ȱMicroscopeȱandȱfieldȱphotographsȱshowingȱtheȱnatureȱofȱtheȱmagnetiteȱ
mineralizationȱ andȱ theȱ stylesȱ ofȱ quartzȱ veiningȱ andȱ fillingȱ atȱ Laȱ
Berrona.ȱ(A)ȱBandsȱofȱalmostȱmonominerallicȱmagnetiteȱandȱalbiteȱwithȱ
clinoamphiboleȱreplacingȱtheȱcalcȬsilicateȱandȱtheȱpeliticȱhornfelsȱinȱtheȱ
LowerȱQuarry.ȱ (B)ȱReflectedȱ lightȱ imageȱ ofȱ bandsȱ ofȱmagnetiteȱ (greyȱ
white)ȱ intergrownȱ withȱ actinoliteȱ andȱ alternatingȱ withȱ albite.ȱ (C)ȱ
MagmaticȬhydrothermalȱ brecciaȱ withȱ clastsȱ ofȱ freshȱ albititeȱ inȱ aȱ
groundmassȱ ofȱmagnetite,ȱ albite,ȱ actinoliteȱ andȱ quartz.ȱ (D)ȱ Reflectedȱ
lightȱ imageȱ ofȱ theȱ pseudomorphosisȱ ofȱ martiteȱ alongȱ bordersȱ andȱ
fracturesȱ ofȱ aȱ grainȱ ofȱ magnetite.ȱ (E)ȱ Stockworkȱ systemȱ withȱ theȱ
fracturesȱ filledȱbyȱmagnetiteȱandȱactinoliteȱ inȱ theȱUpperȱQuarry.ȱNoteȱ
thatȱtheȱalbititeȱshowsȱonlyȱminorȱalteration.ȱ(F)ȱThinȱearlyȱAȬveinȱwithȱ
aȱ segmentedȱ shape.ȱ (G)ȱ Discontinuousȱ andȱwavyȱ AȬvein.ȱ (H)ȱ Smallȱ
cavitiesȱ withȱ quartz,ȱ actinolite,ȱ biotiteȱ andȱ calciteȱ inȱ theȱ magmaticȬ
hydrothermalȱbreccia.ȱ (I)ȱ“Pockets”ȱofȱquartz,ȱactinoliteȱandȱ calciteȱ inȱ
theȱ bandedȱ magnetiteȱ ore.ȱ (J)ȱ Lateȱ veinsȱ withȱ parallelȱ wallsȱ notȱ
segmentedȱasȱtheȱAȬveinsȱinȱtheȱfiguresȱFȱandȱG.ȱ
ȱ
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III.3.ȱSamplingȱandȱMethodsȱȱ
Albititeȱ samplesȱwereȱ collectedȱ inȱ theȱLaȱBerronaȱStockȱarea,ȱbothȱwithinȱ
areasȱ closeȱ toȱ theȱ magnetiteȱ mineralizationȱ andȱ theȱ magmaticȬhydrothermalȱ
brecciasȱ andȱ awayȱ theȱ zonesȱwithȱ evidencesȱ ofȱ hydrothermalȱ activity.ȱ Samplesȱ
wereȱ alsoȱ collectedȱ inȱ theȱLaȱBerronaȱ orebodyȱ inȱ orderȱ toȱ testȱ theȱpotentialȱ forȱ
fluidȱinclusionȱstudiesȱinȱtheȱdeposit.ȱNormalȱandȱdoubleȱpolishedȱsectionsȱofȱ150Ȭ
300ȱ ΐmȱ inȱ thicknessȱ wereȱ madeȱ andȱ examinedȱ underȱ theȱ transmittedȱ lightȱ
microscopeȱ forȱmineral,ȱmeltȱ inclusionȱ andȱ fluidȱ inclusionȱpetrography.ȱAfterȱ aȱ
detailedȱcharacterization,ȱsomeȱsamplesȱwereȱselectedȱforȱmeltȱandȱfluidȱinclusionȱ
analysis.ȱTheyȱ include:ȱ (a)ȱquartzȱandȱplagioclaseȱphenocrystsȱ inȱ theȱalbititeȱ forȱ
meltȱ inclusionsȱstudies;ȱand,ȱ(b)ȱquartzȱphenocrystsȱ inȱtheȱalbitite,ȱearlyȱ(Aȱtype)ȱ
andȱ lateȱquartzȱveinsȱ crosscuttingȱ theȱalbititeȱandȱ theȱquartzȬrichȱ cavitiesȱ inȱ theȱ
brecciasȱandȱbandedȱmagnetiteȱoreȱforȱfluidȱ inclusions.ȱMeltȱandȱfluidȱ inclusionsȱ
wereȱ evaluatedȱ inȱ termsȱ ofȱ size,ȱ shape,ȱ frequencyȱ andȱ phasesȱ presentȱ atȱ roomȱ
temperature.ȱ Specialȱ careȱ wasȱ takenȱ avoidingȱ theȱ inclusionsȱ withȱ singsȱ ofȱ
postentrapmentȱ modificationsȱ (Nielsen,ȱ 1998;ȱ Audétatȱ andȱ Gunther,ȱ 1999;ȱ
Webster,ȱ2006;ȱZajaczȱetȱal.,ȱ2008).ȱȱ
III.3.1.ȱHomogenizationȱtestsȱofȱtheȱmeltȱinclusionsȱ
Theȱhomogenizationȱ experimentsȱwereȱperformedȱ onȱ aȱhighȱ temperatureȱ
THMSGȱ1500ȱLinkamȱ stageȱatȱ theȱETHȱZurich.ȱThisȱmicrothermometricȱ stageȱ isȱ
capableȱofȱheatȱtheȱsampleȱtoȱ1500ȱºCȱandȱtheȱphaseȱchangesȱinȱtheȱmeltȱinclusionsȱ
canȱbeȱobservedȱbyȱ theȱmicroscopeȱ fittedȱ toȱ it.ȱTheȱsilicateȱmeltȱ inclusionsȱ (SMI)ȱ
wereȱheatedȱ toȱhighȱ temperaturesȱ inȱorderȱ toȱ testȱ ifȱ theyȱhomogenizeȱorȱnotȱ atȱ
geologicallyȱrealisticȱtemperatures.ȱTheoretically,ȱtheȱhomogenizationȱtemperatureȱ
ofȱ meltȱ inclusionsȱ isȱ equivalentȱ toȱ theȱ trappingȱ temperatureȱ andȱ hence,ȱ theȱ
temperatureȱrangeȱofȱtheȱcrystallizationȱofȱtheȱmeltȱcanȱbeȱestimated.ȱAlthoughȱaȱ
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commonlyȱusedȱ techniqueȱ (e.g.ȱThomasȱ andȱKlemm,ȱ 1997;ȱWebsterȱ etȱ al.,ȱ 1997;ȱ
Danyushevskyȱetȱal.,ȱ2002;ȱDavidson,ȱ2004;ȱStudentȱandȱBodnar,ȱ2004;ȱSeversȱetȱal.,ȱ
2007),ȱ theȱ microthermometryȱ ofȱ meltȱ inclusionsȱ entailsȱ problemsȱ thatȱ areȱ
sometimesȱ impossibleȱ toȱsolve.ȱOneȱofȱ theseȱproblemsȱ isȱ thatȱ theȱmeltȱ inclusionsȱ
oftenȱdecrepitateȱduringȱtheȱtransitionȱofȱquartzȱfromȱ΅ȱtoȱΆȱatȱ573ȱºCȱ(Ghiorsoȱetȱ
al.,ȱ 1979;ȱDanyushevskyȱ etȱ al.,ȱ 2002).ȱDecrepitationȱ ofȱ youngerȱ secondaryȱ fluidȱ
inclusionȱ trailsȱ thatȱ crosscutȱ theȱmeltȱ inclusionsȱ canȱ alsoȱ provokeȱ fracturingȱ ofȱ
bothȱmeltȱinclusionȱandȱtheȱhostȱmineralȱduringȱtheȱheatingȱrunsȱ(Websterȱetȱal.,ȱ
1997).ȱMoreover,ȱdiffusionȱ (ofȱH2Oȱ inȱmostȱofȱ theȱ cases)ȱ canȱoccurȱbetweenȱ theȱ
hostȱphenocrystȱandȱtheȱmeltȱinclusionȱmisleadingȱtheȱtrueȱmeltingȱtemperatures.ȱ
Anȱalternativeȱmethodȱtoȱreproduceȱtheȱtemperatureȱatȱwhichȱtheȱmeltȱinclusionsȱ
wereȱ entrappedȱ isȱ toȱhomogenizeȱ themȱunderȱ confiningȱpressureȱ inȱ aȱ coldȱ sealȱ
pressureȱvesselȱ toȱpreventȱvolatileȱ lossȱbyȱ leakageȱorȱdecrepitationȱ (Studentȱandȱ
Bodnar,ȱ2004;ȱZajaczȱetȱal.,ȱ2008).ȱTheȱmajorȱdisadvantageȱofȱtheȱpressureȱvesselȱisȱ
thatȱisȱnotȱpossibleȱtoȱobserveȱtheȱphaseȱchangesȱinȱtheȱmeltȱinclusions,ȱandȱonlyȱ
anȱestimationȱofȱtheȱlastȱmeltingȱtemperatureȱcanȱbeȱacquired.ȱOwingȱtoȱallȱtheseȱ
difficulties,ȱ theȱ microthermometryȱ isȱ notȱ usedȱ anymoreȱ toȱ determineȱ theȱ
trapping/crystallizationȱ temperaturesȱofȱ theȱmeltȱ inclusionsȱbutȱ ratherȱ toȱgetȱ anȱ
ideaȱofȱtheirȱmeltingȱbehaviorȱandȱprincipally,ȱtoȱobtainȱaȱhomogeneousȱglassȱforȱ
furtherȱmicroprobeȱandȱRamanȱanalyses.ȱ
Inȱ thisȱstudy,ȱ thirteenȱsilicateȱmeltȱ inclusionsȱofȱdifferentȱsizesȱandȱshapesȱ
wereȱselectedȱforȱheatingȱexperimentsȱ(AppendixȱIIB).ȱInȱorderȱtoȱavoidȱasȱmuchȱ
asȱpossibleȱtheȱdecrepitationȱandȱdiffusionȱprocesses,ȱweȱfollowedȱtheȱheatingȱrunȱ
procedureȱ establishedȱ byȱ Studentȱ andȱ Bodnarȱ (2004)ȱ thatȱ isȱ explainedȱ inȱ theȱ
AppendixȱIIBȱofȱthisȱthesis.ȱ
Inȱmostȱofȱ theȱcases,ȱ theȱmeltȱ inclusionsȱ (principallyȱ theȱ largestȱones)ȱdidȱ
notȱ reachȱ theȱhomogenizationȱ temperatureȱdueȱ toȱpriorȱdecrepitation.ȱ Inȱothers,ȱ
theȱ poorȱ visibilityȱ (mostlyȱ dueȱ toȱ theȱ groundmassȱ melting)ȱ preventedȱ theȱ
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observationȱ ofȱ phaseȱ changesȱ atȱ temperaturesȱ higherȱ thanȱ ~400ºC.ȱ Whenȱ thisȱ
observationȱwasȱpossible,ȱ theȱmajorityȱofȱ theȱ recognizableȱchangesȱ (meltingȱofȱaȱ
phase)ȱoccurredȱbetweenȱ600ºȱandȱ800ȱ ºC.ȱThisȱ rangeȱofȱmeltingȱ temperaturesȱ isȱ
consideredȱ onlyȱ asȱ estimationȱ andȱ notȱ theȱ trueȱ homogenization/trappingȱ
temperatureȱ asȱ discussedȱ above.ȱ However,ȱ itȱ isȱ aȱ guessȱ ofȱ theȱ minimumȱ
crystallizationȱtemperaturesȱofȱtheseȱmelts.ȱ
III.3.2.ȱFluidȱinclusionȱpetrographyȱandȱmicrothermometryȱ
Theȱ fluidȱ inclusionȱ petrographyȱ andȱ microthermometryȱ wereȱ carriedȱ
followingȱ theȱ procedureȱ explainedȱ inȱ theȱ Chapterȱ IIȱ ofȱ thisȱ thesis.ȱ
Microthermometricȱ analysesȱ wereȱ performedȱ onȱ aȱ Linkamȱ TMSȱ 94ȱ heatingȬ
freezingȱstageȱatȱtheȱInstitutoȱGeológicoȱyȱMineroȱdeȱEspañaȱ(IGME,ȱSalamanca).ȱ
Theȱ stageȱwasȱ calibratedȱ usingȱ syntheticȱH2OȬCO2ȱ fluidȱ inclusionsȱ suppliedȱ byȱ
Linkamȱ Scientificȱ Instrumentsȱ Ltd.ȱ forȱ theȱ eutecticȱ pointȱ ofȱCO2ȱ (Ȭ56.6ȱ ºC)ȱ andȱ
syntheticȱH2Oȱfluidȱinclusionsȱforȱtheȱmeltingȱpointȱofȱiceȱ(0.0ȱºC)ȱandȱtheȱcriticalȱ
pointȱ ofȱ waterȱ (374.15ȱ ºC).ȱ Theȱ procedureȱ wasȱ dependentȱ uponȱ theȱ phaseȱ
proportionsȱofȱ theȱ fluidȱ inclusionȱatȱroomȱ temperature.ȱTheȱcompleteȱdataȱsetȱofȱ
fluidȱinclusionȱmicrothermometricȱdataȱisȱshownȱinȱtheȱAppendixȱIIB.ȱ
III.3.3.ȱLAȬICPMSȱanalysesȱȱ
Moreȱthanȱ100ȱsilicateȱmeltȱinclusionsȱ(SMI),ȱ12ȱbeingȱironȱrichȱ(ironȱoxideȱ
blebs;ȱ IOB)ȱandȱ20ȱ fluidȱ inclusionsȱwereȱanalyzedȱbyȱ laserȱablationȱ Ȭȱ inductivelyȱ
coupledȱ plasmaȱ massȱ spectrometryȱ (LAȬICPMS)ȱ toȱ determineȱ theirȱ absoluteȱ
elementȱconcentrations.ȱTheȱcompleteȱprocedureȱ forȱLAȬICPMSȱanalysisȱonȱmeltȱ
inclusionsȱisȱdescribedȱbyȱGüntherȱetȱal.ȱ(1997,ȱ1998),ȱAudètatȱetȱal.ȱ(1998),ȱUlrichȱ
etȱ al.ȱ (1999),ȱ Halterȱ etȱ al.ȱ (2002),ȱ Heinrichȱ (2003)ȱ andȱ referencesȱ therein.ȱ Theȱ
advantageȱofȱusingȱtheȱLAȬICPMSȱtechniqueȱwhenȱworkingȱwithȱcrystallizedȱmeltȱ
inclusionsȱ isȱ thatȱ theyȱ doȱ notȱ haveȱ toȱ beȱ homogenized,ȱ quenchedȱ andȱ beingȱ
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exposedȱ toȱ theȱsurfaceȱpriorȱ toȱ theȱanalysesȱasȱ itȱ isȱrequiredȱbyȱotherȱ techniquesȱ
suchȱasȱEPMA,ȱSIMSȱandȱPIXE.ȱTheȱLAȬICPMSȱanalysesȱwereȱmadeȱatȱ theȱETHȱ
Zürich,ȱwithȱanȱElanȱ6100ȱICPȬMSȱ(PerkinȱElmer,ȱCanada)ȱspectrometerȱcombinedȱ
withȱaȱ193ȱnmȱExcimerȱ laserȱsystemȱ (LambdaȱPhysik,ȱGermany).ȱTheȱconditionsȱ
forȱtheȱmeltȱinclusionȱanalysesȱareȱsummarizedȱinȱtheȱTableȱ1.ȱTheȱselectedȱwafersȱ
wereȱ firstȱ cleanedȱ thoroughlyȱwithȱ acetoneȱ andȱ aquaȱ regiaȱ andȱ laterȱ theyȱwereȱ
repolishedȱforȱavoidingȱasȱmuchȱasȱpossibleȱanyȱsurfaceȱcontamination.ȱInȱorderȱtoȱ
obtainȱhomogeneousȱ signals,ȱonlyȱ inclusionsȱ locatedȱbeneathȱ theȱquartzȱ surfaceȱ
wereȱ selected.ȱ Bothȱ theȱ silicateȱmeltȱ inclusionsȱ andȱ theȱ ironȱ oxideȱ blebsȱwereȱ
analyzedȱfollowingȱtheȱsameȱprocedureȱexceptȱforȱtheȱdataȱreduction.ȱ
Tableȱ1.ȱLAȬICPMSȱanalyticalȱconditionsȱforȱtheȱmeltȱinclusionȱanalysis.ȱ
Anȱexternalȱstandardȱ (NISTȱ610ȱSRM)ȱwasȱusedȱ toȱcalibrateȱ theȱanalyticalȱ
sensitivityȱ andȱ convertȱ theȱ signalȱ ofȱ theȱ mixedȱ hostȱ andȱ meltȱ inclusionȱ intoȱ
EXCIMER 193 nm ArF laser COMPLEX 11OI
Fluence 30 -35 J/cm
2
Pulse duration 10 - 20 ns
Repetition rate 10 Hz
Pit size 15 and 200 µm
Ablation cell volume 1 cm
3
Cell He gas flow 1.1 L/min (+5 ml/min H2)
ELAN 6100 DRC quadrupole ICP-MS
Nebulizer gas flow 0.85 L/min Ar (can vary due to daily tuning)
Auxiliary gas flow 0.85 L/min Ar (can vary due to daily tuning)
Cool gas flow 15 L/min Ar
RF power 1550 W
Quadrupole setting time 3 ms
DATA AQUISITION
Readings per replicate 400
Dwell time per isotope Adjusted to 10 ms (standard)
Isotopes 23Na,29Si, 25Mg, 27Al, 29Si, 31P, 32S, 
39K, 42Ca, 45Sc, 47Ti, 51V, 53Cr, 55Mn, 
57Fe, 59Co, 60Ni, 65Cu, 66Zn, 75As, 85Rb, 
88Sr, 90Zr, 93Nb, 95Mo, 111Cd, 118Sn, 
133Cs, 137Ba, 139La, 140Ce, 157Gd, 
172Yb, 175Lu, 181Ta, 182W, 208Pb
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elementalȱ ratios.ȱ Inȱ orderȱ toȱ obtainȱ theȱ absoluteȱ elementȱ concentrations,ȱ anȱ
internalȱstandardȱ(anȱelementȱwithȱaȱknownȱconcentrationȱinȱtheȱmeltȱinclusion)ȱisȱ
requiredȱtoȱquantifyȱtheȱcontributionȱofȱtheȱhostȱmineralȱandȱtheȱmeltȱinclusionȱtoȱ
theȱmixedȱlaserȱablationȱsignalȱ(“deconvolution”ȱofȱtheȱmixedȱsignal;ȱFig.ȱ5).ȱȱ
Figureȱ5.ȱLAȬICPMSȱsignalȱofȱaȱsingleȱsilicateȱmeltȱ inclusionȱ (sample10ma05b07)ȱ
hostedȱbyȱaȱquartzȱphenocrystȱinȱtheȱalbititeȱfromȱLaȱBerrona.ȱTheȱsignalȱ
recordsȱtheȱelementsȱ(onlyȱLa,ȱTi,ȱFe,ȱNaȱandȱSiȱareȱshownȱhereȱforȱbetterȱ
clarity)ȱanalyzedȱwithinȱtheȱmeltȱinclusion.ȱ
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Theȱ selectionȱ ofȱ theȱ internalȱ standardȱ isȱ criticalȱ andȱ theȱ possibleȱ
uncertaintiesȱ thatȱ itȱ entailsȱ haveȱ toȱ beȱ takenȱ intoȱ accountȱ inȱ eachȱ specificȱ case.ȱ
Halterȱ etȱ al.ȱ (2002b)ȱ hasȱ proposedȱ fourȱ methodsȱ throughȱ whichȱ theȱ internalȱ
standardȱforȱtheȱmeltȱinclusionsȱcanȱbeȱobtained,ȱallȱofȱthemȱfromȱexternalȱsources:ȱ
(1)ȱtoȱconsiderȱtheȱconcentrationȱofȱanȱelement,ȱwhichȱdoesȱnotȱvaryȱsignificantlyȱ
duringȱ theȱmeltȱdifferentiation,ȱasȱbeingȱconstantȱ inȱ theȱmeltȱ inclusionsȱwithinȱaȱ
sameȱ rock;ȱ (2)ȱ toȱdefineȱ aȱ characteristicȱ elementȱ concentrationȱorȱ ratioȱ fromȱ theȱ
bulkȱ differentiationȱ trendȱ rocksȱ ofȱ theȱ sameȱ system;ȱ (3)ȱ toȱ guessȱ aȱ constantȱ
distributionȱcoefficientȱofȱanȱelementȱbetweenȱtheȱhostȱandȱtheȱmelt;ȱand,ȱ(4)ȱfromȱ
volumeȱmeasurementsȱofȱ theȱ inclusionsȱandȱ theȱablatedȱpit.ȱZajaczȱetȱal.,ȱ (2008)ȱ
proposedȱanȱadditionalȱmethodȱ(perhapsȱtheȱmostȱaccurateȱone)ȱwhichȱconsistsȱofȱ
compareȱcoetaneousȱandȱcogeneticȱmeltȱ inclusionsȱ inȱcoȬprecipitatedȱmineralsȱ toȱ
quantifyȱ theirȱ compositionȱ withoutȱ dependingȱ onȱ anȱ externalȱ sourceȱ forȱ theȱ
internalȱ standard.ȱ Unfortunately,ȱ theȱ meltȱ inclusionsȱ foundȱ inȱ theȱ plagioclaseȱ
phenocrystsȱofȱtheȱalbititeȱareȱnotȱgoodȱenoughȱforȱtheȱstudy,ȱrulingȱoutȱtheȱuseȱofȱ
thisȱ lateȱmethod.ȱ Theȱ uncertaintyȱ dueȱ toȱ theȱ internalȱ standardizationȱ isȱ inȱ theȱ
orderȱofȱ20Ȭ30%ȱ (Audétatȱetȱal.,ȱ1998).ȱDespiteȱbeingȱ ratherȱhigh,ȱ itȱ isȱacceptableȱ
whenȱ comparedȱ toȱ theȱ largeȱ changesȱ inȱ theȱ concentrationsȱ ofȱ certainȱ elementsȱ
duringȱ theȱmeltȱ fractionation.ȱAfterȱevaluatingȱ theȱ restȱofȱ theȱoptions,ȱ theȱAl2O3ȱ
contentȱofȱtheȱbulkȱrockȱhasȱbeenȱchosenȱasȱtheȱinternalȱstandardȱbecause:ȱ(1)ȱTheȱ
variationȱofȱtheȱaluminumȱcontentȱisȱquiteȱconstantȱinȱtheȱbulkȱrockȱanalysesȱofȱtheȱ
albititeȱ fromȱLaȱBerronaȱ (12.7ȱ toȱ16.5ȱwt%ȱAl2O3)ȱasȱwellȱasȱ inȱotherȱ coetaneousȱ
albititeȱfoundȱ ȱnearbyȱ(SánchezȬGarcíaȱetȱal.,ȱ2003)ȱ(13.5ȱtoȱ16.2ȱwt%ȱAl2O3;ȱTableȱ
2);ȱand,ȱ(2)ȱAlȱisȱoneȱofȱtheȱmostȱconstantȱelementȱinȱmagmaticȱrocksȱshowingȱlittleȱ
variationsȱduringȱtheȱfractionalȱcrystallization.ȱ
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Tableȱ2.ȱAl2O3ȱvaluesȱofȱ theȱriftȬrelatedȱCambroȬOrdovicianȱ igneousȱrocksȱ inȱ theȱ
OssaȱMorenaȱZone.ȱAllȱ theȱvaluesȱareȱ takenȱ fromȱSánchezȬGarcíaȱetȱal.,ȱ
(2008)ȱexceptȱforȱtheȱalbititeȱfromȱtheȱLaȱBerronaȱStockȱareaȱwhichȱbelongȱ
toȱthisȱstudy.ȱ
Theȱabsoluteȱelementȱconcentrationsȱofȱtheȱironȱoxideȱblebsȱwereȱcalculatedȱ
assumingȱ theȱ sameȱ externalȱ standardȱ (NISTȱ 610)ȱ asȱ forȱ theȱ SMIȱ (Halterȱ etȱ al.,ȱ
2002).ȱHowever,ȱ theȱ selectionȱofȱ theȱ internalȱ standardȱ forȱ theȱ IOBȱ isȱdifficultȱasȱ
thereȱareȱnoȱpreviousȱ referencesȱofȱLAȬICPMSȱanalysisȱonȱoxideȱdropletsȱ inȱ theȱ
literature.ȱ Inȱ theȱ referencesȱofȱLAȬICPMSȱanalysisȱofȱ sulfideȱmeltȱ inclusions,ȱ theȱ
internalȱstandardȱ isȱselectedȱassumingȱ thatȱ theȱ inclusionsȱareȱstoichiometricȱ ((Fe,ȱ
Cu)S2)ȱinȱtheirȱcompositionȱ(Halterȱetȱal.,ȱ2004ȱaȱandȱb).ȱFollowingȱthisȱprocedure,ȱ
magnetiteȱ wasȱ usedȱ asȱ anȱ internalȱ standardȱ forȱ theȱ calculationȱ ofȱ elementȱ
concentrationsȱinȱtheȱIOB.ȱTheȱstoichiometricȱcompositionȱofȱtheȱilmeniteȱwasȱalsoȱ
consideredȱasȱanȱinternalȱstandardȱtoȱtestȱtheȱdifferencesȱonȱrespectȱtoȱmagnetite,ȱ
asȱ Tiȱ isȱ remarkablyȱ presentȱ inȱ theȱ IOB.ȱ Theȱ differencesȱ onȱ theȱ elementȱ
concentrationsȱ usingȱ theseȱ twoȱ internalȱ standardsȱ areȱ smallȱ soȱ theȱ magnetiteȱ
compositionȱwasȱselected.ȱȱ
LAȬICPMSȱ analysesȱ inȱmineralsȱwereȱ performedȱ in:ȱ (1)ȱ theȱ hostȱ quartzȱ
phenocrysts;ȱ (2)ȱ theȱplagioclaseȱphenocrysts;ȱ3)ȱ theȱaccessoryȱmagnetite,ȱand;ȱ (4)ȱ
theȱmagnetiteȱfromȱtheȱorebody.ȱStoichiometricȱSiO2,ȱAl2O3ȱandȱFe3O4ȱwereȱusedȱasȱ
internalȱstandardȱforȱquartz,ȱplagioclaseȱandȱmagnetiteȱrespectively.ȱȱ
Rock suit Al2O3 content (wt%)
Felsic-intermediate rocks with OIB affinity 14.7 (max: 17.3; min: 9.4)
Mafic rocks with OIB-EMORB affinities 15.1 (max: 17.7; min: 9.5)
Mafic rocks with N-MORB affinities 16.2 (max: 22.1; min: 8.9)
Plagiogranite with N-MORB affinity 13.5 (max: 16.0; min: 12.5)
Albitites Valuengo area (this study) 13.5 (max: 16.5; min: 10.8)
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LAȬICPMSȱanalysisȱofȱfluidȱ inclusionsȱwereȱconductedȱatȱtheȱETHȱZürich,ȱ
followingȱ theȱ procedureȱ explainedȱ inȱ theȱ Chapterȱ IIȱ ofȱ thisȱ thesis.ȱ Theȱ Naȱ
concentrationȱ obtainedȱ fromȱ theȱmicrothermometryȱ ofȱ theȱ fluidȱ inclusionsȱwasȱ
usedȱasȱanȱinternalȱstandard.ȱȱ
Theȱ meanȱ LAȬICPMSȱ compositionȱ ofȱ meltȱ inclusionȱ assemblages,ȱ fluidȱ
inclusionsȱandȱironȱoxideȱblebsȱareȱshownȱinȱtheȱTablesȱ3,ȱ4ȱandȱ5ȱrespectively.ȱȱ
Universidad Internacional de Andalucía, 2013 (Lectura en 2012)
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Tableȱ 3.ȱ Averageȱ compositionȱ andȱ standardȱ deviationȱ (1Έ)ȱ ofȱ silicateȱ meltȱ
inclusionȱ assemblagesȱ (MIA)ȱ andȱ singleȱ silicateȱmeltȱ inclusionsȱ (SMI)ȱ
hostedȱ byȱ quartzȱ phenocrystsȱ inȱ theȱ albititeȱ analyzedȱ byȱ LAȬICPMS.ȱ
BLOD:ȱBelowȱtheȱlimitȱofȱdetection;ȱn.m:ȱnotȱmeasured.ȱ
Tableȱ4.ȱAverageȱcompositionȱandȱstandardȱdeviationȱ(1ࢼ)ȱofȱtheȱfluidȱinclusionsȱ
fromȱtheȱLaȱBerronaȱdeposit.ȱ1Brine:ȱbrineȱfluidȱinclusionsȱinȱtheȱquartzȱ
phenocryst,ȱ sample10nv30a01Ȭ10;ȱ 2Vapor:ȱ vaporȱ fluidȱ inclusionȱ
assemblageȱ inȱ quartzȱphenocryst,ȱ sampleȱ 10nv30c01Ȭ06;ȱ 3Vapor:ȱ vaporȱ
fluidȱ inclusionȱ assemblageȱ inȱ Aȱ vein,ȱ sampleȱ 10nv30b01Ȭ10.ȱ Majorȱ
elementsȱareȱshownȱinȱwt%ȱandȱtraceȱelementsȱinȱΐg/g.ȱBLOD:ȱbelowȱtheȱ
limitȱofȱdetection.ȱ
FIA (1Brine) 1į FIA (2Vapor) 1į FIA (3Vapor) 1į
Al2O3 0.04 0.01 0.08 0.04 BLOD
Fe2O3 1.47 0.71 BLOD 0.51 1.26 0.69
CaO 8.05 3.32 BLOD BLOD
TiO2 BLOD 0.06 BLOD
MnO 0.19 0.14 0.05 0.04 0.08 0.01
K2O 10.35 3.53 1.01 0.45 1.27 0.40
MgO 0.03 0.01 BLOD BLOD
Na2O 16.17 1.52 4.31 0.20 4.16 0.18
P2O5 BLOD BLOD BLOD
Sc BLOD BLOD BLOD
V BLOD BLOD BLOD
Cr BLOD BLOD BLOD
Co 9 BLOD BLOD
Ni BLOD BLOD BLOD
Cu BLOD 40 BLOD
Zn 2175 993 BLOD 407
As 193 81 BLOD BLOD
Rb 593 183 27 BLOD
Sr 8910 3939 1069 213 1313 619
Mo BLOD BLOD BLOD
Cd BLOD BLOD BLOD
Sn BLOD 302 BLOD
Cs 63 27 26 12 BLOD
Ba 3808 2188 417 714 206
W BLOD 70 BLOD
Pb 405 248 73 10 157 67
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Tableȱ5.ȱFe,ȱTiȱandȱPȱcompositionsȱofȱtheȱironȱoxideȱblebsȱ(IOB),ȱtheȱoreȱmagnetiteȱ
(mtȱ ore),ȱ theȱ brecciaȬrelatedȱ magnetiteȱ (mtȱ br)ȱ andȱ theȱ accessoryȱ
magnetiteȱ inȱ theȱ groundmassȱ ofȱ theȱ albitite.ȱ Noteȱ thatȱ theȱmagnetiteȱ
stoichiometricȱcompositionȱ (Fe2O3=68.97ȱwt%)ȱhasȱbeenȱusedȱasȱ internalȱ
standardȱinȱtheȱLAȬICPMS.ȱ
Fe Ti P
IOB wt% wt% µg/g
10ma02c10.xl 48.2 28.8 608
10ma04b06.xl 48.2 0.2 <74
10ma04b07.xl 48.2 9.4 <67
10ma05a05.xl 48.2 37.4 848
10ma04c06.xl 48.2 94.1 1120
10ma04c07.xl 48.2 53.6 2340
mt ore
10nv30d03.xl 48.2 0.004 16.3
10nv30d04.xl 48.2 0.004 14.8
10nv30d05.xl 48.2 0.005 11.5
10nv30d06.xl 48.2 0.011 9.9
10nv30d07.xl 48.2 0.005 19.0
10nv30d08.xl 48.2 0.006 17.2
10nv30d10.xl 48.2 0.004 10.9
mt br
10nv30e04.xl 48.2 0.004 16.5
10nv30e05.xl 48.2 0.005 73.5
10nv30e06.xl 48.2 0.004 68.0
10nv30e07.xl 48.2 0.002 11.2
10nv30e08.xl 48.2 0.002 19.7
10nv30e10.xl 48.2 0.007 15.8
mt groundmass
10oc18b09.xl 48.2 0.153 728
10oc18e04.xl 48.2 0.308 75
10oc18e06.xl 48.2 0.325 70
10oc18f06.xl 48.2 0.149 227
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Tableȱ6.ȱMajorȱandȱtraceȱelementȱwholeȱrockȱcompositionȱofȱtheȱanalyzedȱalbitite.ȱ
Majorȱelementsȱareȱ inȱwt%ȱandȱ traceȱelementsȱ inȱΐg/g.ȱTheȱAluminumȱ
Saturationȱ Indexȱ (ASI)ȱ isȱ calculatedȱ onȱ theȱ basisȱ ofȱ normativeȱ quartz,ȱ
albiteȱandȱorthoclase.ȱBLOD:ȱbelowȱtheȱlimitȱofȱdetection.ȱ
Column1BE7 BE8 BE9 BE13 BE37 BE42 BE44 BE14 BE41 BE35 BE40 BE 19b BE36b BE53b
SiO2 78.44 78.36 77.10 78.16 77.61 77.49 75.66 78.67 69.34 64.48 65 55.5 60.8 60.6
Al2O3 13.10 13.08 12.71 12.89 10.82 13.38 13.30 12.78 14.41 15.57 16.50 8.9 10.5 8.9
Fe2O3 0.50 0.38 0.60 0.69 1.30 0.49 0.79 0.14 2.43 2.89 2.25 15.4 12.6 15.6
CaO 0.43 0.21 0.78 0.15 1.75 0.17 0.94 0.31 2.69 3.14 2.95 8.5 5.7 5.6
TiO2 0.17 0.23 0.19 0.19 0.11 0.24 0.21 0.20 0.60 0.68 0.59 0.2 0.1 0.2
MnO 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.01 0.03 0.02 0.1 0.02 0.03
K2O 0.11 0.13 0.12 0.06 0.10 0.19 0.10 0.08 0.12 0.23 0.12 0.1 0.2 0.1
MgO 0.33 0.10 0.88 0.08 1.47 0 0.65 0.27 1.04 3.21 2.91 4.3 3.2 2.6
Na2O 6.54 7.21 7.24 7.27 6.31 7.51 7.92 7.14 7.91 9.03 9.06 5.6 6.2 5.4
P2O5 0.05 0.05 0.05 0.02 0.02 0.02 0.07 0.05 0.05 0.12 0.14 0.1 0.02 0.01
Total 99.68 99.78 99.68 99.53 99.51 99.51 99.66 99.66 98.60 99.38 99.53 98.46 99.32 98.98
Sc 4 4 5 8 8 BLOD 9 4 6 12 11 89 46 96
V 5 7 5 4 8 7 4 5 28 43 43 51 36 44
Cr 70 85 105 97 14 16 14 2 16 9 10 58 16 79
Co BLOD BLOD BLOD BLOD 53 61 52 2 23 23 10 26 48 1.6
Ni 1 2 2 1 24 23 23 3 25 30 29 9 30 9
Cu 1 0.2 BLOD 0.4 2 1 3 BLOD 9 BLOD BLOD 4 2 2
Zn 3 2 4 1 4 2 2 BLOD 3 BLOD BLOD 14 6 9
Ga 20 23 21 22 17 22 21 22 21 26 25 21 21 19
Ge 1 1 1 BLOD 4 4 3 1 2 2 2 2 5 2
As 2 3 1 2 1 1 2 3 3 2 1 BLOD 1 2
Se BLOD 0.1 BLOD 1 BLOD BLOD BLOD 1 BLOD 2 0.2 BLOD BLOD 1
Br 2 1 1 1 0.4 0.2 1 2 0.3 0.4 1 1 1 1
Rb 2 4 3 2 0 10 1 0.4 2 2.6 1.2 3 3 3
Sr 64 74 79 64 33 50 71 50 94 57 91 122 109 115
Y 19 57 31 26 34 62 40 15 85 59 63 165 115 114
Zr 240 268 265 245 222 254 258 228 537 607 551 242 184 238
Nb 8 11 8 8 2 8 11 12 11 11 11 2 4 3
Mo 0.2 0.4 1 1 1 0.3 0.3 BLOD 0.4 BLOD BLOD 1 2 1
Ag BLOD BLOD BLOD 3 BLOD BLOD BLOD 6 BLOD BLOD BLOD 1 2 1
Cd BLOD BLOD BLOD BLOD BLOD BLOD BLOD BLOD BLOD BLOD BLOD 7 5 5
Sn 11 14 7 4 10 7 8 BLOD 9 BLOD BLOD 40 26 34
Sb 2 3 2 1 2 1 2 BLOD 1 BLOD BLOD BLOD BLOD 3
I 4 2 6 3 1 1 0.4 4 2 2 1 BLOD 1 2
Cs 4 BLOD 2 4 1 3 BLOD BLOD BLOD BLOD BLOD 2 3 4
Ba 9 23 13 16 10 15 10 BLOD 21 BLOD BLOD 11 14 35
La 9 18 14 19 33 6 12 BLOD 12 BLOD BLOD 68 26 34
Ce 28 37 29 27 79 27 30 BLOD BLOD BLOD BLOD 154 90 73
Nd 11 16 12 14 32 16 12 4 32 19 13 67 45 42
Sm 4 8 7 5 7 9 7 7 9 4 7 21 9 9
Hf 6 9 8 6 8 7 10 7 15 18 17 12 8 9
Ta 1 2 2 2 3 1 3 BLOD 3 BLOD BLOD 2 BLOD 3
W 3 5 5 1 BLOD BLOD BLOD 2 BLOD 117 73 10 150 1
Tl 0 1 1 5 BLOD BLOD 0 BLOD 0 BLOD BLOD 1 1 5
Pb 2 3 2 BLOD 1 1 1 BLOD 2 BLOD BLOD 3 2 1
Bi 0.3 BLOD BLOD 18 1 BLOD BLOD BLOD BLOD BLOD BLOD 2 2 4
Th 16 19 17 4 15 15 18 16 16 16 14 11 2 6
U 4 5 5 BLOD 3 4 4 1 5 4 4 8 5 1
ASI 1.124 1.056 0.944 1.049 0.792 1.040 0.896 1.031 0.799 0.748 0.809 0.364 0.503 0.469
Q 38.7 35.5 32.1 35.3 36.3 31.2 27.2 35.9 17.8 2.8 3.7 1.3 7.8 12.7
Or 0.7 0.8 0.7 0.4 0.6 1.1 0.6 0.5 0.7 1.4 0.7 0.3 1.0 0.8
Ab 55.3 61.0 61.3 61.5 53.4 63.6 67.0 60.4 66.9 76.4 76.7 45.9 52.7 45.3
An 1.8 0.7 1.8 0.6 0.9 0.7 0.4 1.2 3.5 1.3 4.0 0.0 0.2 0.1
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III.3.4.ȱBulkȱrockȱanalysesȱȱ
Theȱbulkȱ rockȱ compositionȱofȱ theȱalbitite,ȱ includingȱmajor,ȱ traceȱandȱREEȱ
elements,ȱ wasȱ obtainedȱ byȱ XRFȱ (XȬrayȱ fluorescence)ȱ andȱ ICPȬMSȱ (Inductivelyȱ
CoupledȱPlasmaȱȬȱMassȱSpectroscopy)ȱanalysesȱatȱtheȱInsitutoȱGeológicoȱyȱMineroȱ
deȱ Españaȱ laboratoriesȱ (IGME,ȱMadrid).ȱ Forȱ theȱmajorȱ elements,ȱ XRFȱ analysesȱ
wereȱ doneȱ onȱ fusedȱ glassȱ beadsȱ fluxedȱ withȱ Li2B4O7ȱ inȱ aȱ Panalyticalȱ MagiXȱ
analyzerȱ withȱ rhodiumȱ pipe.ȱ Traceȱ elementsȱ wereȱ measuredȱ inȱ theȱ sameȱ
equipmentȱbyȱ theȱProTraceȱ software.ȱNaȱwasȱ analyzedȱbyȱ atomicȱ sorptionȱ inȱ aȱ
VARIANȱFSȬ220ȱequipmentȱbyȱfluxingȱwithȱLiBO2.ȱTheȱlostȱofȱignitionȱ(LOI)ȱwasȱ
performedȱatȱ950ºC.ȱTraceȱelementsȱwereȱanalyzedȱonȱpelletsȱ fluxedȱwithȱLiBO2ȱ
andȱacidȱdigestionȱandȱmeasuredȱinȱaȱAgilentȱ7500ȱequipment.ȱBothȱtheȱbulkȱrockȱ
andȱtheȱtraceȱelementȱcompositionsȱareȱlistedȱinȱtheȱTableȱ6.ȱ
III.3.5.ȱSrȬNdȬPbȱradiogenicȱisotopeȱanalysesȱofȱtheȱalbititeȱ
Threeȱ samplesȱ ofȱ freshȱ albititeȱwereȱ analyzedȱ forȱ Sr,ȱNdȱ andȱ Pbȱ isotopeȱ
compositionȱ atȱ theȱ Departmentȱ ofȱ Mineralogyȱ ofȱ Universityȱ ofȱ Geneva.ȱ Theȱ
isotopeȱ ratiosȱ wereȱ measuredȱ onȱ aȱ Thermoȱ TRITONȱ massȱ spectrometerȱ onȱ
Faradayȱcupsȱinȱstaticȱmode.ȱReȱfilamentsȱwereȱloadedȱwithȱPbȱusingȱtheȱsilicaȱgelȱ
technique.ȱ Pbȱ isotopeȱ ratiosȱwereȱ correctedȱ forȱ instrumentalȱ fractionationȱ byȱ aȱ
factorȱ ofȱ 0.07%ȱ perȱ amuȱ basedȱ onȱmoreȱ thanȱ 90ȱmeasurementsȱ ofȱ theȱ SRM981ȱ
standardȱ andȱ usingȱ theȱ standardȱ valuesȱ ofȱ Todtȱ etȱ al.ȱ (1996).ȱ Externalȱ
reproducibilitiesȱ (2Η)ȱ ofȱ theȱ standardȱ ratiosȱ areȱ 0.05%ȱ forȱ 206Pb/204Pb,ȱ 0.08%ȱ forȱ
207Pb/204Pbȱandȱ0.10ȱ%ȱforȱ 208Pb/204Pb.ȱSrȱwasȱ loadedȱonȱsingleȱReȱfilamentsȱwithȱaȱ
Taȱoxideȱsolutionȱandȱmeasuredȱatȱaȱpyrometerȱcontrolledȱtemperatureȱofȱ1490ȱºC.ȱ
87Sr/86Srȱvaluesȱwereȱinternallyȱcorrectedȱforȱfractionationȱusingȱaȱ88Sr/86Srȱvalueȱofȱ
8.375209.ȱ Rawȱ valuesȱwereȱ correctedȱ forȱ externalȱ fractionationȱ byȱ aȱ valueȱ ofȱ +ȱ
0.03‰,ȱdeterminedȱbyȱrepeatedȱmeasurementsȱofȱtheȱSRM987ȱstandardȱ(87Sr/86Srȱ=ȱ
0.710250).ȱExternalȱreproducibilityȱ(2Η)ȱofȱtheȱSRM987ȱstandardȱisȱ7ȱΐm/g.ȱNdȱwasȱ
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loadedȱonȱdoubleȱ filamentsȱwithȱ 1ȱMȱHNO3.ȱ 143Nd/144Ndȱvaluesȱwereȱ internallyȱ
correctedȱ forȱ fractionationȱ usingȱ aȱ 146Nd/144Ndȱ valueȱ ofȱ 0.7219ȱ andȱ theȱ 144Smȱ
interferenceȱonȱ 144Ndȱwasȱmonitoredȱonȱ theȱmassȱ 147Smȱandȱcorrectedȱbyȱusingȱaȱ
144Sm/147ȱSmȱvalueȱofȱ0.206700.ȱ
III.3.6.ȱSEMȬCathodoluminescenceȱimagesȱofȱquartzȱȱ
SEMȬCathodoluminescenceȱ(SEMȬCL)ȱimagesȱofȱquartzȱphenocrysts,ȱquartzȱ
veinsȱandȱquartzȱ fillingȱcavitiesȱwereȱacquiredȱatȱ theȱCentroȱdeȱ Instrumentaciónȱ
Científicaȱ(CIC),ȱUniversityȱofȱGranadaȱ(Spain).ȱTheȱdoubleȱpolishedȱthinȱsectionsȱ
wereȱcoatedȱwithȱcarbonȱ toȱpreventȱelectricalȱchargeȱduringȱ irradiationȱ thatȱwasȱ
laterȱ removedȱ forȱ theȱ fluidȱ andȱmeltȱ inclusionȱ petrography.ȱ Theȱ imagesȱwereȱ
takenȱonȱaȱSEMȱLeoȱ1430ȱVPȱequipmentȱwithȱanȱaccelerationȱvoltageȱofȱ15kV,ȱ2nAȱ
eȬprobeȱandȱaȱbeamȱcurrentȱdensityȱofȱ80mA.ȱTheȱworkȱdistanceȱwasȱ16ȱmm.ȱȱ
III.4.ȱResultsȱI:ȱTheȱalbititeȱproblemȱ
Asȱ itȱhasȱbeenȱpointedȱbefore,ȱ theȱalbiteȬrichȱ rocksȱandȱparticularlyȱ thoseȱ
relatedȱ toȱ magnetiteȱ mineralizationȱ haveȱ beenȱ usuallyȱ consideredȱ asȱ ofȱ
metasomaticȱorigin.ȱInȱthisȱsectionȱweȱstudyȱtheȱalbititeȱfromȱLaȱBerronaȱinȱorderȱ
toȱtestȱifȱtheȱalbititeȱisȱaȱprimaryȱrockȱorȱaȱproductȱofȱaȱmetasomaticȱalteration.ȱTheȱ
methodologyȱusedȱhereȱ includesȱ theȱcomparisonȱofȱ theȱgeochemistryȱofȱ theȱhostȱ
albititeȱwithȱthatȱofȱtheȱsilicateȱmeltȱinclusions.ȱ
III.4.1.ȱPetrographyȱofȱmeltȱinclusionsȱ
III.4.1.1.ȱSilicateȱmeltȱinclusionsȱ(SMI)ȱ
TheȱSMIȱoccurȱasȱgroupsȱofȱtwoȱtoȱ tenȱrandomlyȱdistributedȱ inclusionsȱorȱ
isolatedȱ withinȱ theȱ hostȱ quartzȱ phenocrystsȱ (Fig.6).ȱ Unfortunately,ȱ theȱ SEMȬ
cathodoluminescenceȱimagingȱonȱquartzȱdoesȱnotȱshowȱanyȱinternalȱtextureȱsuchȱ
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asȱ growthȱ zonesȱ orȱ fracturesȱ thatȱ couldȱ controlȱ theȱ dispositionȱ ofȱ theȱ meltȱ
inclusions.ȱTheȱ SMIȱ haveȱmostlyȱ roundedȱ toȱ ellipticalȱ shapesȱ andȱ theȱ apparentȱ
sizesȱrangeȱfromȱ10ȱΐmȱtoȱupȱtoȱ100ȱΐm.ȱMostȱofȱthemȱareȱrecrystallizedȱalthoughȱ
theȱsmallestȱonesȱpreserveȱtheirȱoriginalȱglassyȱstateȱdueȱtoȱtheȱinhibitingȱeffectȱofȱ
theȱ smallȱ poreȱ sizeȱ (Holnessȱ etȱ al.,ȱ 2011).ȱAboutȱ theȱ 10%ȱ ofȱ theȱ SMIȱ containȱ aȱ
shrinkageȱbubbleȱ (coveringȱapproximatelyȱ15ȱ%ȱofȱ theȱ totalȱvolumeȱofȱ theȱSMI)ȱ
whichȱ isȱusuallyȱ completelyȱhiddenȱbyȱ theȱ crystallizedȱphases.ȱAȱ cubicȱ opaqueȱ
crystalȱasȱwellȱasȱanȱopaqueȱ“drop”ȱshapedȱopaqueȱblebȱareȱobservedȱinȱmostȱofȱ
theȱstudiedȱSMIȱ (Figs.6A,ȱ6B,ȱ6Cȱandȱ6D).ȱThisȱcouldȱ representȱanȱ ironȬtitaniumȱ
oxideȱphaseȱexsolvedȱfromȱtheȱsilicateȱmelt.ȱ
ȱ
Figureȱ 6.ȱ (nextȱ page):ȱMeltȱ inclusionsȱ hostedȱ byȱ quartzȱ phenocrysts.ȱ (A)ȱ Twoȱ
partiallyȱ crystallizedȱ SMIȱ coexistingȱ inȱ theȱ sameȱ phenocrystȱ (sampleȱ
CBE2Ȭchip7.2Ȭph11);ȱtheȱportraitȱpictureȱshowsȱtheȱLAȬICPMSȱpitsȱafterȱ
theȱ ablation.ȱ (B)ȱ Fiveȱ SMIȱ showingȱ veryȱ constantȱ phaseȱ proportionsȱ
(sampleȱCBE2bisȬchip3ȬPh.D.).ȱ (C)ȱTwoȱSMIȱ locatedȱatȱdifferentȱdepthȱ
intoȱaȱquartzȱphenocrystȱ(sampleȱCBE2Ȭchip7.1Ȭph1).ȱ(D)ȱAȱcompletelyȱ
recrystallizedȱ SMIȱ (sampleȱ CBE2Ȭchip7.2Ȭph12).ȱ (E)ȱ Twoȱ Ironȱ Oxideȱ
Blebsȱ(IOB)ȱwithinȱaȱquartzȱphenocryst.ȱNoteȱtheȱwormlikeȱshapeȱofȱtheȱ
blebȱ inȱ theȱ detailedȱ insetȱ (sampleȱ CBE9.2Ȭchip6Ȭph2).ȱ (F)ȱ Twoȱ IOBȱ
coexistingȱ inȱ theȱ sameȱ phenocryst.ȱNoteȱ thatȱ oneȱ ofȱ themȱ hasȱ beenȱ
trappedȱtogetherȱwithȱsomeȱsilicateȱmeltȱ(sampleȱCBE9.2Ȭchip5Ȭph8).ȱ
Universidad Internacional de Andalucía, 2013 (Lectura en 2012)
ChapterIII:TheLaBerronaalbititeandFeͲoxidemineralization
 
138
Figure.ȱ6.ȱȱ
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III.4.1.2.ȱIronȱoxideȱblebsȱ(IOB)ȱ
InȱaȱsignificantȱlessȱproportionȱthanȱtheȱSMI,ȱfewȱopaqueȱblebsȱ(IOB)ȱhaveȱ
beenȱfoundȱtrappedȱinȱtheȱquartzȱphenocrystsȱ(Figȱ6Eȱandȱ6F).ȱTheyȱoccurȱisolatedȱ
orȱasȱgroupsȱofȱtwoȱandȱusuallyȱnearȱSMI.ȱTheȱsizesȱrangeȱfromȱ20ȱtoȱ70ȱΐmȱandȱ
theyȱ showȱ irregular,ȱ roundedȱandȱwormlikeȱ shapesȱ suggestingȱ entrapmentȱasȱaȱ
liquidȱphaseȱ (Halterȱ etȱ al.,ȱ 2004).ȱ Someȱ ofȱ theȱ IOBȱ containȱ aȱminorȱ transparentȱ
silicateȱ fractionȱ that,ȱ asȱ explainedȱ later,ȱ possiblyȱ representsȱ heterogeneousȱ
trappingȱofȱcoexistingȱsilicateȱmeltȱandȱironȱoxideȱmelt.ȱ
III.4.2.ȱDataȱevaluation:ȱrepresentativenessȱofȱtheȱmeltȱinclusionsȱ
ȱAȱrequirementȱtoȱobtainȱreliableȱresultsȱinȱaȱmeltȱinclusionȱstudyȱisȱthatȱtheȱ
inclusionsȱwereȱ preservedȱ asȱ isolatedȱ systemsȱ afterȱ theirȱ entrapmentȱ (Roedder,ȱ
1984;ȱ Lowernstern,ȱ 2003).ȱ Thisȱ indispensableȱ conditionȱ cannotȱ beȱ sometimesȱ
fulfilledȱdueȱ toȱseveralȱpreȬȱsynȬȱandȱpostȬentrapmentȱprocessesȱ thatȱmodifyȱ theȱ
compositionȱ ofȱ theȱmeltȱ inclusionsȱ (Frezzoti,ȱ 1992;ȱ Thomas,ȱ 2003;ȱ Studentȱ andȱ
Bodnar,ȱ2004).ȱ Inȱ thisȱsection,ȱ theȱ fourȱmostȱ importantȱentrapmentȱprocessesȱareȱ
discussedȱinȱorderȱtoȱensureȱtheȱvalidityȱofȱtheȱdata:ȱ(1)ȱheterogeneousȱtrappingȱofȱ
mineralȱphases;ȱ(2)ȱcrystallizationȱofȱtheȱhostȱcrystalȱontoȱtheȱmeltȱinclusionȱwalls;ȱ
(3)ȱalterationȱofȱtheȱmeltȱinclusionsȱbyȱhydrothermalȱfluids;ȱand,ȱ(4),ȱtheȱboundaryȱ
layerȱeffect.ȱ
III.4.2.1.ȱHeterogeneousȱtrappingȱofȱmineralȱphasesȱ
Aȱ commonȱ processȱ duringȱ crystallizationȱ inȱ intrusiveȱ systemsȱ isȱ thatȱ
alreadyȱcrystallizedȱmineralȱgrainsȱ(usuallyȱfeldspar)ȱareȱtrappedȱheterogeneouslyȱ
withȱsilicateȱmeltȱandȱaȱcoexistingȱaqueousȱ fluidȱphaseȱ (Rapienȱetȱal.,ȱ2003).ȱTheȱ
resultingȱheterogeneousȱinclusionsȱareȱobviouslyȱnotȱrepresentativeȱofȱtheȱsystemȱ
andȱhaveȱ toȱbeȱ identifiedȱandȱexcludedȱ fromȱ theȱmeltȱ inclusionȱstudyȱsinceȱ theyȱ
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canȱleadȱtoȱmisleadingȱinterpretationsȱ(Zajaczȱetȱal.,ȱ2008).ȱInȱthisȱstudy,ȱfewȱSMIȱ
hostȱ aȱ presumablyȱ singleȱ feldsparȱ crystalȱ coexistingȱ withȱ someȱ meltȱ orȱ fluidȱ
(Fig.7).ȱTheyȱareȱ interpretedȱasȱ reflectingȱheterogeneousȱ trappingȱandȱ thus,ȱ theyȱ
areȱnotȱfurtherȱconsidered.ȱInȱorderȱtoȱ identifyȱheterogeneouslyȱtrappedȱfeldsparȱ
phasesȱthatȱwouldȱnotȱhaveȱbeenȱrecognizedȱduringȱpetrographyȱinȱtheȱremainingȱ
inclusions,ȱaȱsignificantȱnumberȱofȱSMIȱwereȱanalyzedȱandȱtheirȱcompositionȱwasȱ
comparedȱwithȱthatȱofȱtheȱfeldsparȱinȱtheȱalbititeȱ(Fig.ȱ8).ȱTheȱresultsȱshowȱthatȱtheȱ
SMIȱ areȱ depletedȱ inȱ feldsparȬcompatibleȱ elementsȱ suchȱ asȱ Baȱ andȱ Srȱ andȱ
conversely,ȱ theyȱareȱ stronglyȱenrichedȱ inȱ typicalȱ feldsparȱ incompatibleȱelementsȱ
suchȱasȱHFSEȱ (highȱ fieldȱ strengthȱelements:ȱZr,ȱNb,ȱTa,ȱetc.).ȱThisȱdemonstratesȱ
thatȱ theȱ SMIȱ inȱ theȱ albititeȱ areȱ representativeȱ ofȱ theȱ residualȱmeltȱ andȱ doȱ notȱ
includeȱorȱrepresentȱheterogeneouslyȱtrappedȱfeldsparȱphases.ȱ
Figureȱ7.ȱHeterogeneousȱentrapmentȱofȱsilicateȱmelt,ȱaȱfeldsparȱcrystal,ȱandȱfluidȱ
(sampleȱCBE1Ȭchip2).ȱȱ
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Figureȱ 8.ȱ Comparisonȱ betweenȱ theȱ compositionȱ ofȱ theȱ SMIȱ andȱ theȱ albiteȱ
phenocrystsȱ analyzedȱ byȱ LAȬICPMSȱ inȱ orderȱ toȱ evaluateȱ evidencesȱ ofȱ
synentrapmentȱmodifications.ȱTheȱconcentrationsȱofȱelementsȱareȱgivenȱ
asȱaveragesȱwithȱtheirȱrespectiveȱstandardȱdeviationsȱ(1Έ).ȱ
III.4.2.2.ȱCrystallizationȱofȱtheȱhostȱcrystalȱontoȱtheȱSMIȱwallsȱ
TheȱoriginalȱcompositionȱofȱtheȱSMIȱcanȱbeȱalsoȱmodifiedȱbyȱcrystallizationȱ
ofȱ theȱhostȱcrystalȱontoȱ theȱSMIȱwallsȱwhileȱcoolingȱ (Thomas,ȱ2003).ȱTheȱquartzȬ
hostedȱSMIȱ thatȱareȱaffectedȱbyȱthisȱprocessȱusuallyȱshowȱaȱmarkedȱdepletionȱofȱ
theȱ silicaȱ contentȱ becauseȱ itȱ hasȱ crystallizedȱ asȱ quartzȱ inȱ theȱ SMIȱwalls.ȱ Inȱ thisȱ
study,ȱ theȱ signalȱofȱ theȱLAȬICPMSȱanalysesȱobtainedȱduringȱ theȱablationȱofȱ theȱ
individualȱSMIȱshowȱthatȱthereȱisȱaȱslightȱenrichmentȱofȱsilicaȱtowardsȱtheȱedgeȱofȱ
theȱinclusionsȱ(Fig.ȱ4).ȱHowever,ȱtheȱchangeȱisȱsmall,ȱandȱifȱany,ȱtheȱprecipitationȱ
ofȱsilicaȱintoȱtheȱwallsȱofȱtheȱSMIȱwasȱnegligibleȱandȱtheȱSMIȱcompositionȱhasȱnotȱ
beenȱsignificantlyȱmodifiedȱbyȱcrystallizationȱinȱtheȱwalls.ȱ
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III.4.2.3.ȱAlterationȱofȱtheȱSMIȱcompositionȱbyȱhydrothermalȱfluidsȱ
Oneȱ ofȱ theȱ majorȱ problemsȱ inȱ thisȱ studyȱ isȱ theȱ factȱ thatȱ pervasiveȱ
hydrothermalȱalterationȱcanȱmodifyȱtheȱcompositionȱofȱtheȱmeltȱinclusions.ȱInȱfact,ȱ
aȱcommonȱfeatureȱinȱmagmaticȬhydrothermalȱsystemsȱisȱthatȱdifferentȱgenerationsȱ
ofȱbothȱmagmaticȱandȱ externalȱ fluidsȱ canȱ invadeȱ theȱ system.ȱ Inȱ suchȱaȱprocess,ȱ
intenseȱ alterationȱ canȱ notȱ onlyȱ replaceȱ theȱ wholeȱ rockȱ butȱ alsoȱ changeȱ theȱ
compositionȱ ofȱ theȱmeltȱ inclusions.ȱ Likelyȱ evidencesȱ ofȱ suchȱ aȱ processȱ areȱ theȱ
presenceȱ ofȱ secondaryȱ fluidȱ inclusionsȱ inȱ fracturesȱ orȱ evenȱ asȱ primaryȱ fluidȱ
inclusionsȱ withinȱ theȱ outermostȱ growthȱ zonesȱ ofȱ theȱ quartzȱ phenocrysts.ȱ Theȱ
circulationȱofȱtheseȱsecondaryȱfluidsȱalongȱfracturesȱaltersȱtheȱoriginalȱcompositionȱ
ofȱ theȱ SMI,ȱ sometimesȱ provokingȱ theirȱ decrepitation.ȱAsȱ explainedȱ inȱ theȱ nextȱ
sections,ȱ theȱquartzȱphenocrystsȱhostȱ twoȱ typesȱofȱ fluidȱ inclusions,ȱnamelyȱbrineȱ
fluidȱ inclusionsȱ andȱCO2Ȭbearingȱ lowȱdensityȱ fluidȱ inclusions.ȱ Theȱ formerȱ onesȱ
clearlyȱ crosscutȱ someȱ SMIȱ andȱdecrepitateȱ them.ȱ Signsȱ ofȱ thisȱdecrepitationȱ areȱ
evidentȱ inȱ theȱ largerȱSMIȱhavingȱdiametersȱupȱ to100ȱΐm,ȱwhichȱ showȱhaloesȱofȱ
minuteȱ fluidȱ inclusionȱ aroundȱ theȱ SMI,ȱ radialȱ cracks,ȱ etc.ȱ (Studentȱ andȱBodnar,ȱ
2004).ȱ Inȱ fact,ȱ theȱ SMIȱ thatȱ areȱ crosscutȱ byȱ fluidȱ inclusionȱ trailsȱ failedȱ toȱ
homogenizeȱduringȱtheȱheatingȱrunsȱsupportingȱtheirȱnonȬvalidityȱandȱhence,ȱtheyȱ
wereȱavoidedȱfromȱtheȱstudy.ȱ
III.4.2.4.ȱTheȱboundaryȱlayerȱeffectȱ
Whenȱaȱcrystalȱisȱgrowingȱfromȱtheȱmelt,ȱaȱboundaryȱlayerȱisȱformedȱinȱtheȱ
crystalȱ surfaceȱ throughȱ whichȱ theȱ diffusionȱ ofȱ elementsȱ fromȱ theȱ meltȱ toȱ theȱ
crystalȱoccursȱ(AlbaredeȱandȱBottinga,ȱ1972;ȱThomas,ȱ2003).ȱThisȱthinȱlayerȱofȱmeltȱ
isȱdepletedȱinȱtheȱcompatibleȱelementsȱregardingȱtheȱbulkȱmeltȱsinceȱtheyȱtendȱtoȱ
diffuseȱ intoȱ theȱ crystal.ȱ Itȱ hasȱ beenȱ suggestedȱ (Watson,ȱ 1982;ȱ Roedder,ȱ 1984;ȱ
Anderson,ȱ2003;ȱLowenstern,ȱ2003)ȱthatȱthisȱeffectȱcanȱaffectȱtheȱrepresentativenessȱ
ofȱ theȱmeltȱ inclusionsȱbecauseȱ theyȱpreferentiallyȱ trapȱ incompatibleȱelementȬrichȱ
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meltȱportionsȱratherȱ thanȱ theȱbulkȱmeltȱportions.ȱHowever,ȱsomeȱstudiesȱonȱ thisȱ
effectȱ (Lu,ȱ 1995;ȱ Thomas,ȱ 2003)ȱ haveȱ shownȱ thatȱ theȱ boundaryȱ layerȱ effectȱ isȱ
minimumȱ inȱ inclusionsȱ greaterȱ thanȱ aroundȱ 25ȱ ΐmȱ andȱ hostedȱ byȱ quartzȱ sinceȱ
mostȱ ofȱ theȱ traceȱ elementsȱ areȱ incompatibleȱwithȱ thisȱmineralȱ (Thomas,ȱ 2003).ȱ
MostȱofȱtheȱSMIȱinȱtheȱalbititeȱareȱlargeȱ(>ȱ50ȱΐm)ȱand,ȱasȱitȱhasȱbeenȱshownȱinȱtheȱ
Figureȱ 8,ȱ theyȱ areȱ enrichedȱ inȱ incompatibleȱ elementsȱ onȱ respectȱ toȱ quartz,ȱ
plagioclaseȱandȱalsoȱonȱrespectȱtoȱtheȱbulkȱrockȱcompositionȱ(Fig.ȱ12)ȱsoȱitȱdoesȱnotȱ
seemȱthatȱtheȱboundaryȱlayerȱeffectȱhasȱnoticeablyȱaffectedȱtheȱcompositionȱofȱtheȱ
SMI.ȱȱ
Afterȱ evaluatingȱ theȱ possibleȱ preȬ,ȱ synȬ,ȱ andȱ postȬȱ entrapmentȱ processesȱ
thatȱcanȱmodifyȱ theȱcompositionȱofȱ theȱSMI,ȱweȱconcludeȱ thatȱcarefullyȱselectedȱ
meltȱ inclusionsȱareȱrepresentativeȱofȱtheȱtrueȱmeltȱfromȱwhichȱtheȱbulkȱrockȱwasȱ
formedȱandȱthatȱtheirȱcompositionsȱareȱreliableȱforȱfurtherȱstudies.ȱȱ
III.4.3.ȱBulkȱrockȱandȱSMIȱcompositions:ȱaȱcomparisonȱ
Theȱ hydrothermallyȱ unalteredȱ albititeȱ (collectedȱ inȱ areasȱ awayȱ fromȱ theȱ
mineralization)ȱ isȱmainlyȱ composedȱ ofȱ silicaȱ (SiO2ȱ =ȱ 77.7ȱ ±ȱ 0.9ȱwt%),ȱ aluminaȱ
(Al2O3ȱ=ȱ12.8ȱ±ȱ0.8ȱwt%)ȱandȱsodiumȱoxideȱ (Na2Oȱ=ȱ7.1ȱ±ȱ0.5ȱwt%)ȱ (Tableȱ6).ȱTheȱ
anorthiteȱ(CaAl2Si2O8)ȱandȱorthoclaseȱ(KAlSi3O8)ȱnormativeȱcontentȱinȱtheȱrockȱareȱ
lowȱ (0.7ȱ toȱ 1.8ȱwt%ȱ andȱ 0.6ȱ toȱ 1ȱwt%ȱ respectively)ȱonȱ respectȱ toȱ theȱnormativeȱ
albiteȱ(NaAlSi3O8)ȱcontentȱ(55.3ȱtoȱ67ȱwt%)ȱwhichȱisȱtheȱdominantȱfeldsparȱinȱtheȱ
rock.ȱTheȱnormativeȱquartzȱrangesȱbetweenȱ27.2ȱandȱ38.7ȱwt%.ȱ
ȱThreeȱ samplesȱ ofȱ theȱ alteredȱ albititeȱ withȱ anȱ albiteȬactinoliteȬmagnetiteȱ
hydrothermalȱassemblageȱfromȱtheȱmineralizedȱbrecciasȱshowȱaȱ lowerȱcontentȱ inȱ
silicaȱ (SiO2ȱ =ȱ 58.9±2.5ȱwt%)ȱ andȱ slightlyȱ lessȱ aluminaȱ (Al2O3ȱ =ȱ 9.5±0.7ȱwt%)ȱ andȱ
sodiumȱoxideȱ(Na2Oȱ=ȱ5.7±0.4ȱwt%)ȱthanȱtheȱunalteredȱalbititeȱ(Fig.ȱ9).ȱConversely,ȱ
thisȱ brecciatedȱ albititeȱ showsȱmuchȱmoreȱ ironȱ oxideȱ contentȱ thanȱ theȱunalteredȱ
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albititeȱ(Fe2O3ȱ=ȱ14.6±1.4ȱwt%ȱandȱ0.6±0.3ȱwt%ȱrespectively),ȱdueȱtoȱtheȱmagnetiteȱ
replacementȱinȱtheȱformer.ȱȱItȱalsoȱshowsȱaȱhigherȱcontentȱinȱmagnesiaȱ(MgOȱ=ȱ3.3ȱ
±0.7ȱwt%ȱandȱ0.5±0.5ȱwt%ȱinȱtheȱbrecciatedȱandȱunalteredȱalbititeȱrespectively)ȱandȱ
inȱCaOȱ (CaOȱ=ȱ6.6±1.3ȱwt%ȱandȱ0.6±0.5ȱwt%ȱ respectively)ȱdueȱ toȱ theȱactinoliteȬ
magnetiteȱ replacementȱ inȱ theȱ breccias.ȱ Allȱ theȱ brecciaȬrelatedȱ albititeȱ analysesȱ
wereȱnotȱconsideredȱinȱtheȱcomparisonȱofȱtheȱalbititeȱwithȱtheȱSMIȱbelowȱasȱtheyȱ
areȱ interpretedȱasȱalteredȱbyȱ theȱhydrothermalȱ fluidsȱandȱ thus,ȱdoȱnotȱ representȱ
theȱoriginalȱrockȱcomposition.ȱ
Figureȱ 9.ȱ Majorȱ elementȱ comparisonȱ betweenȱ theȱ unalteredȱ albititeȱ andȱ theȱ
magmaticȬhydrothermalȱ breccia.ȱ Theȱ significantlyȱ higherȱ contentsȱ inȱ
CaO,ȱ FeOȱ andȱ MgOȱ inȱ theȱ brecciaȱ areȱ interpretedȱ asȱ dueȱ toȱ theȱ
hydrothermalȱ alterationȱ andȱ crystallizationȱ ofȱ actinolite.ȱ Errorȱ barsȱ
indicateȱ1Έȱstandardȱdeviation.ȱȱ
ȱAsȱ hasȱ beenȱ describedȱ inȱ previousȱ sections,ȱ theȱ SMIȱ likelyȱ representȱ theȱ
compositionȱofȱtheȱmeltȱatȱtheȱtimeȱofȱtheirȱentrapment,ȱduringȱtheȱgrowthȱofȱtheȱ
quartzȱphenocrysts.ȱHere,ȱtheȱbulkȱrockȱcompositionȱ(majorȱandȱtraceȱelements)ȱofȱ
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theȱalbititeȱrockȱisȱcomparedȱwithȱtheȱcompositionȱofȱtheȱSMIȱinȱorderȱtoȱconfirmȱ
thatȱ theȱ SMIȱ areȱ remnantsȱ ofȱ theȱmeltȱ fromȱwhichȱ theȱ albititeȱ crystallized.ȱTheȱ
elementalȱ compositionsȱ ofȱ theȱ SMIȱ analyzedȱ byȱ LAȬICPMSȱ andȱ theȱ bulkȱ
compositionȱofȱtheȱalbititeȱrockȱareȱgivenȱinȱtheȱTablesȱ3ȱandȱ6,ȱrespectively.ȱTheȱ
SMIȱhaveȱanȱaverageȱcompositionȱsimilarȱtoȱthatȱofȱtheȱhostȱalbititeȱ(Figs.ȱ10ȱandȱ
13),ȱwithȱstillȱveryȱhighȱbutȱslightlyȱ lowerȱcontentsȱ inȱsilicaȱ(SiO2ȱ=ȱ73.2±1.9ȱwt%)ȱ
thanȱ theȱ hostȱ rockȱ butȱ similarȱ sodiumȱ oxideȱ (Na2Oȱ =ȱ 6.8±1.1ȱwt%),ȱ potassiumȱ
oxideȱ (K2Oȱ=ȱ0.1±0.1ȱwt%)ȱandȱcalciumȱoxideȱ (CaOȱ=ȱ0.6±0.4ȱwt%).ȱTheȱSMIȱalsoȱ
showȱsimilarȱbutȱmoreȱscatteredȱironȱandȱtitaniumȱoxideȱcontentsȱ(Fe2O3ȱ=ȱ1.2±0.6ȱ
wt%ȱandȱTiO2ȱ=ȱ0.1±0.1ȱwt%ȱrespectively)ȱthanȱtheȱbulkȱrockȱcompositionȱprobablyȱ
dueȱ toȱ theȱpresenceȱofȱvariableȱamountsȱofȱTiȬbearingȱmagnetiteȱwithinȱ theȱSMI.ȱ
TheȱP2O5ȱcontentȱisȱslightlyȱlowerȱinȱtheȱSMIȱ(0.03±0.0ȱwt%)ȱthanȱinȱtheȱbulkȱrockȱ
(0.06±0.04ȱwt%).ȱȱ
Regardingȱ toȱ theȱ Figureȱ 10,ȱ theȱ albititeȱ showsȱ noȱ clearȱ evidencesȱ ofȱ
evolutionȱbyȱfractionalȱcrystallization.ȱBothȱtheȱmeltȱinclusionsȱ–ȱtrappedȱearlyȱinȱ
theȱ crystallizationȱ ofȱ theȱ meltȱ –ȱ andȱ theȱ bulkȱ rockȱ haveȱ homogeneousȱ silicaȱ
contentsȱandȱratherȱsmallȱvariationsȱinȱotherȱelements.ȱFurthermore,ȱthereȱareȱnoȱ
evidencesȱofȱfractionalȱcrystallizationȱsuchȱasȱpresenceȱofȱmoreȱmaficȱterms.ȱȱ
Theȱ aluminumȱ saturationȱ indexȱ (ASI=molecularȱ ratioȱ
Al2O3/(CaO+Na2O+K2O)ȱvaluesȱofȱ theȱSMIȱ rangeȱ fromȱ0.8ȱ toȱ1.3ȱandȱofȱ theȱbulkȱ
rockȱ fromȱ 0.7ȱ toȱ 1.1ȱ indicatingȱ bothȱ peraluminousȱ andȱ metaluminousȱ
compositionsȱ(Fig.ȱ11A).ȱTheȱplotȱofȱbothȱtheȱSMIȱandȱtheȱbulkȱrockȱcompositionsȱ
inȱtheȱTASȱdiagramȱshowȱsubalkalineȱandȱcalcȬalkalineȱcharacterȱwithȱrhyoliticȱtoȱ
daciticȱ compositionsȱ consistentȱwithȱ highlyȱ evolvedȱ rocksȱ (Fig.ȱ 11Bȱ andȱ 11C).ȱ
Theirȱ normativeȱ mineralȱ compositionsȱ plotȱ closeȱ toȱ theȱ albiteȱ apexȱ inȱ theȱ
trondhjemiteȱfieldȱofȱtheȱAnȬAbȬOrȱdiagramȱ(Fig.11D).ȱȱInȱtheȱQȬAbȬOrȱplot,ȱbothȱ
SMIȱandȱbulkȱ rockȱ compositionsȱplotȱ closeȱ toȱ theȱQȬAbȱ sideȱ (Fig.ȱ11E)ȱ showingȱ
veryȱlowȱcontentȱinȱtheȱorthoclaseȱcomponent.ȱ
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Theȱ chemicalȱ indexȱ ofȱ alterationȱ (CIA=molecularȱ wt%ȱ
[Al2O3/(Al2O3+CaO+Na2O+K2O)]*100)ȱ inȱbothȱ theȱalbititeȱandȱ theȱSMIȱrangeȱ fromȱ
44ȱtoȱ53ȱandȱfromȱ44ȱtoȱ56ȱrespectively,ȱandȱareȱwithinȱtheȱrangeȱofȱfreshȱgraniticȱ
rocksȱ (45Ȭ55)ȱ establishedȱ byȱNesbittȱ andȱYoungȱ (1982).ȱConversely,ȱ theȱ brecciaȬ
relatedȱ albititeȱ inȱ theȱ Laȱ Berronaȱ magnetiteȱ mineralizationȱ showsȱ CIAȱ valuesȱ
rangingȱfromȱ27ȱtoȱ32,ȱconsistentȱwithȱtheirȱhydrothermalȱorigin.ȱȱ
Universidad Internacional de Andalucía, 2013 (Lectura en 2012)
ChapterIII:TheLaBerronaalbititeandFeͲoxidemineralization
 
147
Figureȱ10.ȱMajorȱelementȱconcentrationsȱplottedȱasȱaȱfunctionȱofȱtheȱsilicaȱcontentȱ
forȱtheȱSMIȱandȱtheȱbulkȱalbititeȱofȱtheȱLaȱBerronaȱStock.ȱȱ
Universidad Internacional de Andalucía, 2013 (Lectura en 2012)
ChapterIII:TheLaBerronaalbititeandFeͲoxidemineralization
 
148
Figureȱ 11.ȱ (A)ȱ Aluminumȱ saturationȱ indexȱ (ASI=ȱ molȱ Al2O3/(Na2O+K2O+CaO)ȱ
versusȱ theȱ alkaliȱ indexȱ (molȱNa2O+K2O+CaO)/Al2O3)ȱ forȱ silicateȱmeltȱ
inclusionsȱ (SMI)ȱ andȱ albititeȱ rockȱ fromȱ theȱ Laȱ Berronaȱ Stock.ȱ (B)ȱ
Chemicalȱclassificationȱofȱ theȱSMIȱandȱ theȱalbititeȱbulkȱrockȱusingȱ theȱ
totalȱ alkalisȱversusȱ silicaȱ (TAS)ȱdiagram.ȱ (C)ȱCompositionȱ ofȱ theȱ SMIȱ
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andȱ theȱ hostȱ albititeȱ inȱ theȱAFMȱ diagram.ȱ (D)ȱ Normativeȱ anorthite,ȱ
albiteȱandȱorthoclaseȱcompositionsȱofȱtheȱSMIȱandȱtheȱalbititeȱbulkȱrockȱ
(afterȱ Barker,ȱ 1979).ȱ (E)ȱ Normativeȱ quartz,ȱ albiteȱ andȱ orthoclaseȱ
compositionsȱ ofȱ theȱ SMIȱ andȱ theȱ albititeȱbulkȱ rock.ȱTheȱ cotecticȱ linesȱ
andȱcompositionsȱofȱtheȱeutecticȱinȱtheȱQȬAbȬOrȱhaplograniteȱsystemȱasȱ
aȱfunctionȱofȱpressureȱareȱshownȱforȱcomparisonȱ(dataȱfromȱTuttleȱandȱ
Bowen,ȱ1958).ȱ (F)ȱClassificationȱofȱ theȱEarlyȱandȱMidȱCambrianȱriftingȱ
stageȱ suiteȱ ofȱ rocksȱ (takenȱ fromȱ SánchezȬȱ Garcíaȱ etȱ al.,ȱ 2008).ȱ Openȱ
squares:ȱ ȱ bulkȱ rock;ȱ solidȱ diamonds:ȱ silicateȱ meltȱ inclusions;ȱ redȱ
asterisks:ȱRiftȬrelatedȱIOBȱaffinityȱgroup;ȱsolidȱtriangles:ȱRiftȬrelatedȱNȬ
MORBȱaffinityȱgroup.ȱ
Whenȱ plottedȱ inȱ aȱ chondriteȱ normalizedȱmultiȬelementȱ spiderȱ diagram,ȱ
bothȱ theȱ SMIȱ andȱ theȱ bulkȱ rockȱ compositionsȱ showȱ aȱ strongȱ enrichmentȱ inȱ
incompatibleȱelementsȱ suchȱasȱThȱandȱTaȱandȱaȱpatternȱbroadlyȱ consistentȱwithȱ
theȱupperȱcontinentalȱcrustȱ(Fig.12A).ȱThisȱpatternȱisȱdifferentȱtoȱthatȱexpectedȱinȱ
rocksȱ withȱ aȱ juvenileȱ derivation.ȱ Theȱ REEȱ patternȱ comparedȱ toȱ theȱ averageȱ
chondriteȱ compositionȱ ofȱ theȱ albititeȱ showsȱ aȱ classicalȱ seagullȱ shapeȱ withȱ aȱ
negativeȱ Euȱ anomalyȱ andȱ aȱ HREE/LREEȱ ratioȱ ofȱ 0.246.ȱ Thisȱ patternȱ isȱ notȱ
consistentȱwithȱaȱjuvenileȱsourceȱbutȱmoreȱclassicalȱofȱplutonicȱrocksȱderivedȱfromȱ
crustalȱsourcesȱ(Fig.ȱ12B).ȱ
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Figureȱ12.ȱ(A)ȱChondriteȱnormalizedȱdiagramȱofȱtheȱaverageȱcompositionsȱofȱtheȱ
albititeȱ andȱ theȱ hostedȱ meltȱ inclusions.ȱ Meanȱ compositionsȱ ofȱ theȱ
MORBȱ (Saundersȱ andȱ Tarney,ȱ 1988)ȱ andȱ upperȱ (Taylorȱ andȱ
McLennan,ȱ1981)ȱandȱlowerȱ(WeaverȱandȱTarney,ȱ1984)ȱcrustȱareȱalsoȱ
shownȱ forȱ comparison.ȱNoteȱ that,ȱdespiteȱ theȱ lackingȱofȱ analysesȱofȱ
someȱelementsȱ inȱ theȱSMIȱ (i.e.ȱTh,ȱLa,ȱSm,ȱHf,ȱY)ȱbothȱ theȱbulkȱrockȱ
andȱ theȱ SMIȱ showȱ aȱveryȱ similarȱpattern.ȱ (B)ȱChondriteȱnormalizedȱ
(PalmeȱandȱO´Neal,ȱ2004)ȱrareȱearthȱelementȱdiagramȱforȱtheȱalbitite.ȱȱ
Inȱ theȱ Figureȱ 13,ȱ theȱ SMIȱ majorȱ andȱ traceȱ elementȱ concentrationsȱ areȱ
comparedȱtoȱthoseȱofȱtheȱalbititeȱbulkȱrockȱ(AȱandȱB)ȱandȱagain,ȱtoȱtheȱcompositionȱ
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ofȱtheȱplagioclaseȱphenocrystsȱ(CȱandȱD).ȱOnȱrespectȱtoȱmajorȱelements,ȱbothȱtheȱ
SMIȱ andȱ theȱbulkȱ rockȱ compositionȱ showȱ similarȱ concentrations,ȱ exceptȱ forȱMgȱ
andȱMnȱthatȱareȱenrichedȱinȱtheȱlater.ȱRegardingȱtoȱtheȱtraceȱelements,ȱtheȱSMIȱareȱ
enrichedȱinȱtypicalȱincompatibleȱelementsȱsuchȱasȱSc,ȱNb,ȱLu,ȱGd,ȱYb,ȱSnȱandȱotherȱ
elementsȱ likeȱ oreȱ metalsȱ (Cu,ȱ Mo,ȱ Pb,ȱ Asȱ andȱ Zn).ȱ Conversely,ȱ theȱ SMIȱ areȱ
depletedȱ inȱbulkȱrockȱcompatibleȱelementsȱsuchȱas,ȱBa,ȱZr,ȱP,ȱV,ȱCrȱorȱNi.ȱTheseȱ
elementsȱ enterȱ inȱ theȱ structureȱ ofȱ theȱ bulkȱ rockȱminerals,ȱ asȱ forȱ exampleȱBaȱ inȱ
plagioclase,ȱZrȱinȱzircon,ȱPȱinȱapatiteȱVȱinȱmagnetiteȱorȱNiȱinȱtheȱamphibole.ȱThisȱ
compatibilityȱeffectȱisȱbetterȱshownȱinȱtheȱSMIȱvsȱplagioclaseȱplotȱ(Fig.ȱ13ȱCȱandȱD)ȱ
whereȱallȱtheȱtraceȱelements,ȱexceptȱSrȱandȱBa,ȱareȱenrichedȱinȱtheȱSMI.ȱSrȱandȱBaȱ
areȱenrichedȱinȱtheȱplagioclaseȱdueȱtoȱtheirȱstrongȱcompatibilityȱwithȱthisȱmineral.ȱ
Theseȱ fractionationȱ plotsȱ indicateȱ thatȱ theȱ elementȱ distributionȱ isȱ inȱ agreementȱ
withȱtheirȱbehaviorȱinȱmagmaticȱsystemsȱinȱwhichȱsomeȱelementsȱhaveȱpreferenceȱ
eitherȱforȱtheȱmeltȱphaseȱ(incompatibleȱelements)ȱorȱtheȱmineralȱphaseȱ(compatibleȱ
elements).ȱUnfortunately,ȱtheȱcalculationȱofȱpartitionȱcoefficientsȱ(Kd=Cmineralelementi/ȱ
Cmeltelementi)ȱisȱnotȱpossibleȱasȱreliableȱSMIȱhaveȱbeenȱonlyȱfoundȱinȱquartzȱandȱnotȱinȱ
otherȱmineralsȱ likeȱ apatite,ȱ zirconȱorȱplagioclaseȱ inȱwhichȱ theȱ SMIȱwouldȱbeȱ inȱ
equilibrium.ȱȱ
Theȱ Laȱ Berronaȱ albititeȱ bodyȱ isȱ consideredȱ toȱ beȱ partȱ ofȱ theȱ CambrianȬ
Ordovicianȱ riftȬrelatedȱ igneousȱ rocksȱ asȱ theȱ UȬPbȱ datingȱ suggestȱ (320ȱ Ma,ȱ
Carriedo,ȱPh.D.ȱinȱprep.).ȱTheirȱgeneticȱrelationshipȱwithȱtheȱgroupȱofȱrocksȱofȱthisȱ
eventȱ isȱ notȱ clear.ȱ Igneousȱ rocksȱ associatedȱ withȱ theȱ riftingȱ eventȱ showȱ
compositionsȱ fromȱ basaltȱ toȱ highȱ silicaȱ rhyolitesȱ (SánchezȬGarcíaȱ etȱ al.,ȱ 2008)ȱ
separatedȱ inȱ twoȱ majorȱ eventsȱ (Fig.11F).ȱ First,ȱ theȱ earlyȱ riftȱ igneousȱ suit,ȱ ofȱ
predominantlyȱacidȱcompositionȱandȱrelatedȱ toȱcoreȱcomplexȱ formationȱandȱmidȱ
upperȱ crustalȱ migmatizationȱ (Earlyȱ Igneousȱ Event)ȱ andȱ secondȱ aȱ youngerȱ
volumetricallyȱdominantȱriftȬrelatedȱigneousȱsuit,ȱaȱbimodalȱassociationȱemplacedȱ
duringȱ theȱ climaxȱ ofȱ upperȱ crustalȱ extensionȱ andȱ basinȱ compartmentalizationȱ
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(MainȱIgneousȱEvent)ȱ(SánchezȬGarcíaȱetȱal.,ȱ2003).ȱInȱtheȱTASȱdiagramȱ(Fig.ȱ11F),ȱ
theseȱ twoȱ compositionalȱ trendsȱ canȱ beȱ observed,ȱ oneȱ evolvingȱ fromȱ basalticȱ toȱ
moreȱfelsicȱcompositionsȱthatȱbelongȱtoȱtheȱMainȱIgneousȱEventȱandȱtheȱotherȱ inȱ
theȱsilicaȱrichȱcompositionȱregion,ȱwhereȱbothȱtheȱEarlyȱIgneousȱEventȱrocksȱandȱ
theȱmoreȱfelsicȱrocksȱofȱtheȱMainȱEventȱareȱincluded.ȱȱBothȱtheȱsamplesȱofȱtheȱLaȱ
BerronaȱStockȱandȱtheȱSMIȱplotȱinȱtheȱhighȱsilicaȱregionȱofȱtheȱTASȱdiagram.ȱ
Figureȱ13.ȱComparisonȱbetweenȱtheȱcompositionȱofȱtheȱSMIȱandȱ theȱalbititeȱbulkȱ
rockȱ compositionȱ asȱ analyzedȱ byȱ LAȬICPMS.ȱ Theȱ concentrationsȱ ofȱ
elementsȱareȱgivenȱasȱaveragesȱwithȱtheirȱrespectiveȱstandardȱdeviationȱ
(1Έ).ȱȱ
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III.4.4.ȱHeterogeneousȱentrapmentȱofȱimmiscibleȱphases?ȱȱ
III.4.4.1.ȱTestingȱimmiscibilityȱbetweenȱsilicateȱmeltȱandȱbrineȱ/ȱvaporȱfluidsȱ
Inȱ someȱquartzȱphenocrysts,ȱ SMIȱoccurȱ togetherȱwithȱbrineȱ and/orȱvaporȱ
(CO2)Ȭbearingȱ fluidȱ inclusionsȱopeningȱ theȱpossibilityȱofȱ entrapmentȱofȱ theȱmeltȱ
inclusionsȱinȱaȱvolatile/fluidȱsaturatedȱmagmaȱsynchronouslyȱwithȱtheȱexsolutionȱ
ofȱtheȱfluid.ȱIfȱtrue,ȱaȱfluidȱexsolutionȱtookȱplaceȱearlyȱinȱtheȱcrystallizationȱofȱtheȱ
melt,ȱ implyingȱ theȱ existenceȱ ofȱ highȱ waterȬrichȱ melts.ȱ Brineȱ inclusionsȱ oftenȱ
crosscutȱtheȱentireȱquartzȱphenocrystȱasȱsecondaryȱtrailsȱandȱthus,ȱtheyȱareȱclearlyȱ
laterȱ thanȱ theȱSMIȱrulingȱoutȱ theirȱpossibleȱcoexistence.ȱOnȱrespectȱ toȱ theȱ (CO2)Ȭ
bearingȱ fluidȱ inclusions,ȱ thereȱ isȱ texturalȱevidenceȱ forȱ theirȱ coexistenceȱwithȱ theȱ
SMIȱonlyȱinȱoneȱassemblageȱ(CBEȬ2Ȭchip1Ȭ3,ȱFig.ȱ14),ȱthatȱcouldȱindicateȱaȱpossibleȱ
immiscibilityȱ betweenȱ aȱ meltȱ andȱ aȱ vaporȱ phase.ȱ However,ȱ theȱ SMIȱ ofȱ thisȱ
assemblageȱareȱdifferentȱ fromȱ theȱotherȱSMIȱ thatȱareȱaddressedȱhereȱ soȱ itȱ isȱnotȱ
possibleȱ toȱ ensureȱ thatȱ thisȱprocessȱhasȱoccurredȱ inȱ theȱ system.ȱ Inȱ allȱ theȱ otherȱ
cases,ȱtheȱvaporȱ(CO2)Ȭbearingȱfluidȱinclusionsȱoccurȱasȱclustersȱorȱisolatedȱandȱnotȱ
necessarilyȱtogetherȱwithȱtheȱSMI.ȱȱ
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Figureȱ14.ȱAssemblageȱofȱcoexistingȱvaporȱ(CO2ȱbearing)ȱfluidȱinclusionsȱandȱtwoȱ
possibleȱSMIȱ(sampleȱCBEȬ2Ȭchip1Ȭ3).ȱ
III.4.4.2.ȱTestingȱimmiscibilityȱbetweenȱsilicateȱmeltȱandȱironȱoxideȱphaseȱ
TheȱimplicationsȱofȱtheȱpresenceȱofȱFeȬTiȬPȱoxideȱblebsȱ(IOB)ȱinȱtheȱalbititeȱ
areȱsignificantȱbecause:ȱ(1)ȱtheyȱcanȱtrackȱtheȱexistenceȱofȱanȱironȱoxideȱmeltȱthatȱ
couldȱhaveȱbeenȱexsolvedȱfromȱtheȱsilicateȱmeltȱrepresentedȱbyȱtheȱSMI;ȱand,ȱ(2)ȱ
thisȱphaseȱcouldȱbeȱtheȱsourceȱofȱtheȱironȱforȱtheȱrelatedȱmagnetiteȱmineralization.ȱ
Therefore,ȱ theȱ evaluationȱ ofȱ theȱ realȱmeaningȱ ofȱ theȱ IOBȱ isȱ criticalȱ forȱ theȱ oreȱ
formingȱmodelȱandȱhasȱtoȱbeȱveryȱpreciseȱinȱorderȱtoȱensureȱthatȱtheseȱinclusionsȱ
doȱnotȱ representȱ trappedȱ crystalsȱofȱmagnetiteȱbutȱaȱ trueȱ immiscibleȱ ironȱoxideȱ
phase.ȱȱ
TheȱFigureȱ15ȱshowsȱtheȱFeȱandȱPȱvs.ȱTiȱcontentsȱofȱtheȱIOBȱhostedȱbyȱtheȱ
quartzȱ phenocrystsȱ inȱ theȱ freshȱ albitite,ȱ togetherȱ withȱ thoseȱ ofȱ theȱ magnetiteȱ
occurringȱasȱaccessoryȱmineralȱandȱtheȱmagnetiteȱfromȱtheȱLaȱBerronaȱoreȱdeposit.ȱ
Thisȱ figureȱshowsȱ thatȱ theseȱ typesȱofȱmagnetiteȱhaveȱdifferentȱcompositionsȱandȱ
plotȱasȱindependentȱgroups.ȱTheȱIOBȱshowȱtheȱhigherȱconcentrationsȱinȱTiȱandȱPȱ
andȱ areȱ easilyȱ discriminableȱ fromȱ theȱ accessoryȱ grainsȱ andȱ theȱ hydrothermalȱ
magnetiteȱ (FeȱdoesȱnotȱchangeȱbecauseȱFe2O3ȱ isȱusedȱasȱ internalȱstandardȱ inȱ theȱ
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LAȬICPMSȱdataȱreduction)ȱwithȱrespectȱtoȱtheȱrestȱofȱtheȱgroups.ȱOnlyȱoneȱofȱtheȱ
petrographicallyȱcharacterizedȱIOBȱ(sampleȱ10ma04b06)ȱplotsȱ inȱtheȱgroupȱofȱtheȱ
accessoryȱmagnetite,ȱprobablyȱdueȱtoȱitsȱerroneousȱdeterminationȱasȱanȱIOB.ȱ
Inȱ addition,ȱmostȱ ofȱ theȱ studiedȱ SMIȱ containȱ aȱ littleȱ dropȱ ofȱ anȱ opaqueȱ
phaseȱbesidesȱtheȱcrystalȱshapedȱmagnetiteȱphaseȱandȱconversely,ȱallȱtheȱIOBȱhostȱ
aȱ portionȱ ofȱ silicateȱ meltȱ thatȱ isȱ trappedȱ togetherȱ withȱ theȱ oxideȱ phase.ȱ Thisȱ
suggestȱthatȱbothȱtheȱSMIȱandȱtheȱIOBȱcouldȱrepresentȱendȱmembersȱofȱaȱprocessȱ
ofȱmeltȱimmiscibility.ȱHowever,ȱintermediateȱstagesȱwithȱca.ȱ50%ȱoxideȱphaseȱandȱ
ca.ȱ50%ȱsilicateȱmeltȱphasesȱhaveȱnotȱbeenȱobserved.ȱAllȱtheseȱfacts,ȱtogetherȱwithȱ
theȱpresenceȱofȱwormlikeȱtexturesȱandȱtheȱroundedȱshapesȱofȱtheȱIOBȱindicateȱthatȱ
theyȱ representȱ aȱ trueȱ FeȬTiȬPȱ oxideȱ meltȱ andȱ notȱ magnetiteȱ grainsȱ inȱ theȱ
groundmassȱofȱtheȱalbitite.ȱȱ
ȱTheȱ Figureȱ 16ȱ showsȱ aȱ comparisonȱ betweenȱ theȱ majorȱ elementsȱ inȱ theȱ
coexistingȱSMIȱandȱ theȱ likelyȱ immiscibleȱ IOBȱ inȱwhatȱ isȱconsideredȱ theȱbestȱandȱ
mostȱ representativeȱ sampleȱ (10ma02c10ȱ IOBȱ andȱ 10ma02c09ȱ SMI,ȱ Fig.ȱ 16B)ȱ inȱ
orderȱtoȱdefineȱtheȱelementȱfractionationȱbetweenȱthem.ȱTheȱIOBȱisȱenrichedȱinȱFeȱ
andȱTiȱand,ȱinȱlessȱproportion,ȱinȱP,ȱwhileȱtheȱsilicateȱmeltȱinclusionȱisȱenrichedȱinȱ
Si,ȱNaȱandȱAl.ȱThisȱpartitionȱofȱ elementsȱ isȱ inȱagreementȱwithȱ theȱ experimentalȱ
studiesȱ onȱ theȱ behaviorȱ ofȱ FeȬTiȬPȱ meltsȱ exsolvedȱ fromȱ silicateȱ richȱ liquidsȱ
(Philpotts,ȱ1967;ȱWatson,ȱ1976;ȱNaslund,ȱ1983).ȱ
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Figureȱ 15.ȱFeȱ (A)ȱ andȱPȱ (B)ȱ vs.ȱTiȱ concentrationȱ ofȱ theȱ fourȱ typesȱ ofȱmagnetiteȱ
existingȱ inȱ theȱLaȱBerronaȱarea,ȱ includingȱ IOB,ȱaccessoryȱmagnetiteȱ inȱ
theȱgroundmassȱofȱtheȱalbititeȱ(mtȱacc),ȱmagnetiteȱinȱtheȱgroundmassȱofȱ
theȱmagmaticȬhydrothermalȱbrecciaȱ(mtȱbr)ȱandȱbandedȱmagnetiteȱfromȱ
theȱLaȱBerronaȱdepositȱ(mtȱore).ȱNoteȱthatȱoneȱofȱtheȱmagnetiteȱgrainsȱ
consideredȱ petrographicallyȱ asȱ anȱ IOBȱ plotsȱ inȱ theȱ groupȱ ofȱ theȱ
accessoryȱmagnetite.ȱȱ
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Figureȱ16.ȱ(A)ȱSMIȱinȱwhichȱanȱopaqueȱcubicȱcrystalȱasȱwellȱasȱanȱopaqueȱdropȱcanȱ
beȱ distinguished.ȱ Thisȱ opaqueȱ dropȱ couldȱ representȱ someȱ ironȱ oxideȱ
meltȱ trappedȱ withȱ theȱ silicateȱ meltȱ duringȱ theȱ earlyȱ stagesȱ ofȱ meltȱ
immiscibility.ȱ(B)ȱAȱsilicateȱmeltȱ inclusionȱ(SMI,ȱ10ma02c10)ȱcoexistingȱ
withȱ anȱ ironȱ oxideȱ blebȱ (IOB,ȱ 10ma02c10)ȱ inȱ theȱ sameȱ quartzȱ
phenocryst.ȱ (C)ȱComparisonȱbetweenȱ theȱcompositionsȱofȱ theȱIOBȱandȱ
SMI.ȱFe,ȱTi,ȱMn,ȱPȱandȱZrȱareȱfractionatedȱintoȱtheȱironȱoxideȱmelt.ȱȱ
III.4.5.ȱPreliminaryȱSrȬNdȬPbȱisotopicȱdataȱ
ȱTwoȱwholeȱrockȱsamplesȱofȱtheȱalbititeȱfromȱtheȱLaȱBerronaȱStockȱhaveȱbeenȱ
analyzedȱ forȱ Sr,ȱ Pbȱ andȱ Ndȱ isotopes.ȱ Theseȱ rocksȱ haveȱ 87Sr/86Srȱ initialȱ (backȬ
calculatedȱ toȱ 520ȱMa)ȱ valuesȱ ofȱ 0.708352ȱ andȱ 0.708214,ȱ respectively.ȱ 143Nd/144Ndȱ
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valuesȱyieldȱvaluesȱofȱ0.511576ȱandȱ0.511141ȱandȱaȱڙNdȱofȱȬ7ȱandȱȬ16ȱrespectively.ȱ
However,ȱ thisȱ lateȱ valueȱ isȱ tooȱ lowȱ andȱ probablyȱ reflectȱ anȱ erroneousȱ
determinationȱofȱtheȱSmȬNdȱcontentsȱofȱtheȱrock.ȱTheȱPbȱ isotopicȱvaluesȱareȱalsoȱ
radiogenicȱwithȱ 206Pb/204Pbȱvaluesȱofȱ33.306ȱandȱ73.74,ȱ 207Pb/204Pbȱvaluesȱofȱ16.416ȱ
andȱ18.681ȱandȱ 208Pb/204Pbȱvaluesȱofȱ48.708ȱandȱ81.015.ȱTheseȱ isotopicȱ signaturesȱ
areȱsimilarȱtoȱtheȱdataȱreportedȱbyȱCarriedoȱ(Ph.D.ȱinȱprep.)ȱwereȱaȱcompleteȱdataȱ
setȱofȱradiogenicȱisotopesȱinȱtheȱalbititeȱofȱValuengoȱareaȱareȱshown.ȱȱ
ȱAttemptingȱtoȱfindȱtheȱpossibleȱsourceȱrocksȱforȱtheȱalbitite,ȱthereȱareȱonlyȱ
fewȱavailableȱ isotopicȱcompositionsȱofȱtheȱrocksȱofȱtheȱOlivenzaȬMonesterioȱBelt.ȱ
TheȱEarlyȱtoȱMidȱCambrianȱgranitoidsȱofȱMonesterioȱandȱTáligaȱ(numberȱ19ȱinȱtheȱ
Figureȱ5ȱofȱtheȱChapterȱI)ȱhaveȱ87Sr/86Sriȱvaluesȱfromȱ0.707ȱtoȱ0.708ȱandȱڙNdȱvaluesȱ
Ȭ3.1ȱ toȱ Ȭ4.4ȱwhileȱ Salmanȱ (2002)ȱ calculatedȱ aȱ 87Sr/86Sriȱ valueȱ ofȱ 0.701ȱ andȱ aȱ ڙNdȱ
valuesȱofȱ+0.9ȱ inȱ theȱCaleraȱdeȱLeónȱ (numberȱ26ȱ inȱ theȱFigureȱ5).ȱTheseȱdataȱareȱ
interpretedȱ asȱ processesȱ involvingȱ partialȱ meltingȱ orȱ assimilationȱ ofȱ theȱMesoȱ
Proterozoicȱcrust,ȱthatȱrepresentsȱtheȱcurrentȱlowerȱcrustȱinȱtheȱOMZȱ(Galindoȱandȱ
Casquet,ȱ 2004).ȱTheȱprimitiveȱvaluesȱ inȱCaleraȱdeȱLeónȱ suggestȱparticipationȱofȱ
mantleȱ derivedȱ magmasȱ orȱ partialȱ meltingȱ ofȱ maficȱ rocks.ȱ Despiteȱ aȱ detailedȱ
isotopicȱ studyȱofȱ theȱoldestȱ rocksȱ (possibleȱcrustalȱprotholits)ȱofȱ theȱOMBȱ isȱnotȱ
available,ȱCasquetȱetȱal.,ȱ(2001)ȱestablishedȱaȱgeneralȱrangeȱwithȱvaluesȱofȱ87Sr/86Sriȱ
valuesȱ betweenȱ 0.707ȱ andȱ 0.7225ȱ andȱ ڙNdȱ valuesȱ betweenȱ Ȭ12ȱ andȱ Ȭ5ȱ forȱ
PrecambrianȱandȱCambrianȱmetasedimentaryȱrocksȱinȱtheȱarea.ȱ
Theȱ highȱ 87Sr/86Srȱ andȱ theȱ negativeȱ ڙNdȱ valuesȱ ofȱ theȱ albititeȱ areȱmoreȱ
consistentȱwithȱtheȱdominantȱderivationȱofȱtheȱalbititeȱfromȱaȱcrustalȱsourceȱratherȱ
thanȱfromȱaȱdepletedȱmantleȱasȱwouldȱbeȱexpectedȱifȱderivedȱfromȱaȱjuvenileȱmeltȱ
asȱproposedȱbyȱSánchezȬGarcíaȱetȱal.ȱ(2003).ȱInȱthisȱcontext,ȱitȱlooksȱconsistentȱthatȱ
theȱalbititeȱmeltsȱwereȱproducedȱbyȱtheȱpartialȱmeltingȱofȱtheȱlateȱNeoproterozoicȬ
earlyȱ Cambrianȱ sequenceȱ duringȱ theȱ highȱ temperatureȬlowȱ pressureȱ
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metamorphismȱ thatȱ tookȱ placeȱ synchronousȱ withȱ theȱ formationȱ ofȱ theȱ
metamorphicȱdomes.ȱ
III.5.ȱ Resultsȱ II:ȱ Fluidȱ inclusionȱ studyȱ inȱ theȱ Laȱ Berronaȱ
depositȱ
ȱAȱ fluidȱ inclusionȱ studyȱ hasȱ beenȱ performedȱ inȱ orderȱ toȱ characterizeȱ theȱ
natureȱofȱfluidsȱthatȱcirculatedȱthroughȱtheȱmagmaticȬhydrothermalȱsystemȱinȱtheȱ
Laȱ Berronaȱ depositȱ andȱ testȱ theirȱ relationshipȱ withȱ theȱ relatedȱ albitite.ȱ Theȱ
petrographyȱandȱ furtherȱanalysesȱwereȱperformedȱ inȱ theȱquartzȱwhereȱ theȱ fluidȱ
inclusionȱ assemblagesȱ (FIA)ȱ areȱbestȱpreservedȱ andȱwhere,ȱ inȱmostȱ cases,ȱSEMȬ
cathodoluminescenceȱimagesȱareȱavailable.ȱ
III.5.1.ȱFluidȱinclusionȱcharacteristicsȱandȱSEMȬCathodoluminescenceȱimagesȱ
ȱThreeȱ typesȱ ofȱ fluidȱ inclusionsȱ haveȱ beenȱ observedȱ andȱ classifiedȱ onȱ theȱ
basisȱ ofȱ theirȱ natureȱ andȱ phaseȱ proportionsȱ atȱ roomȱ temperatureȱ (Tableȱ 7):ȱ (1)ȱ
VaporȬrichȱfluidȱinclusionsȱ(Vc),ȱwhichȱhaveȱlowȱdensitiesȱwithȱtheȱvaporȱbubbleȱ
fillingȱ aboutȱ theȱ 75ȱ –ȱ 80%ȱ byȱ volumeȱ ofȱ theȱ inclusion.ȱTheyȱ areȱCO2ȱ –ȱ bearingȱ
althoughȱ theȱdoubleȱbubbleȱofȱCO2ȱ liquidȬvaporȱ isȱnotȱalwaysȱobservableȱdueȱ toȱ
metastability.ȱTheyȱ showȱ roundedȱ toȱnegativeȬcrystalȱ shapesȱwithȱ sizesȱ rangingȱ
fromȱ10ȱtoȱ50ȱΐm;ȱ(2)ȱBrineȱfluidȱinclusionsȱ(B)ȱhostingȱaȱhaliteȱcrystalȱinȱadditionȱ
toȱotherȱ transparentȱ reddishȱ and/orȱopaqueȱ crystal(s)ȱ thatȱ seemsȱ toȱbeȱhematiteȱ
and/orȱmagnetite.ȱTheirȱshapesȱareȱroundedȱtoȱirregularȱwithȱsizesȱalwaysȱbelowȱ
25ȱΐm;ȱand,ȱ (3)ȱLiquidȱaqueousȱ (La)ȱ fluidȱ inclusionsȱwhichȱareȱ twoȱphaseȬliquidȱ
richȱ inclusions,ȱwithȱ irregularȱ shapesȱ andȱ sizes.ȱ Bothȱ theȱ brineȱ andȱ theȱ liquidȱ
aqueousȱinclusionsȱdoȱnotȱshowȱevidencesȱofȱtheȱpresenceȱofȱCO2.ȱ
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Tableȱ7.ȱ ȱSummaryȱofȱmicrothermometricȱdataȱofȱ fluidȱ inclusionsȱ inȱLaȱBerronaȱ
deposit.ȱAbbreviations:ȱVc,ȱvaporȱcarbonic;ȱB,ȱbrine;ȱLa,ȱliquidȱaqueous;ȱ
Hal:ȱ halite;ȱHem:ȱ hematite;ȱ L:ȱ liquid;ȱV:ȱ vapor.ȱ Bubbleȱ infillȱ hasȱ beenȱ
opticallyȱestimated.ȱTheȱnumbersȱrepresentȱ theȱaveragesȱofȱallȱ theȱ fluidȱ
inclusionsȱ includedȱ inȱ eachȱ typeȱ ofȱ FIAȱwithȱ theȱ respectiveȱ standardȱ
deviation.ȱ(*)ȱOnlyȱ5ȱandȱ2ȱvaporȱfluidȱinclusionsȱcouldȱbeȱmeasuredȱforȱ
Thomȱ inȱ theȱ phenocrystalsȱ andȱ inȱ theȱ AȬveinsȱ respectivelyȱ dueȱ toȱ
widespreadȱdecrepitationȱofȱmostȱofȱthem.ȱ
III.5.1.1.Fluidȱinclusionsȱinȱtheȱquartzȱphenocrystsȱofȱtheȱalbititeȱȱ
Asȱitȱhasȱbeenȱpointedȱoutȱinȱaȱpreviousȱsection,ȱsomeȱquartzȱphenocrystsȱinȱ
theȱalbititeȱhostȱbothȱvaporȱ(V)ȱandȱbrineȱtypeȱ(B)ȱfluidȱinclusions.ȱUnfortunately,ȱ
theȱSEMȬcathodoluminescenceȱimagesȱofȱtheȱphenocrystsȱdoȱnotȱshowȱanyȱtextureȱ
thatȱcanȱbeȱcorrelatedȱwithȱtheȱfluidȱinclusionȱassemblages.ȱHowever,ȱtheirȱmodeȱ
ofȱ occurrenceȱ isȱ enlighteningȱ asȱ theȱ vaporȱ inclusionsȱ occurȱ asȱwellȱ delimitatedȱ
groupsȱ (Fig.ȱ 17Aȱ andȱ 17B)ȱ whileȱ theȱ brineȱ fluidȱ inclusionsȱ areȱ disposedȱ asȱ
secondaryȱtrailsȱcrosscuttingȱallȱtheȱphenocrystȱ(Fig.ȱ17C).ȱ
Vc in phenocrysts B in phenocrysts Vc in A-veins B in A-veins
La in cavities 
and pockets
La in late veins
Disposition and quartz 
generation
Groups of 5 to10 
fluid inclusions in 
clear zones of 
quartz. No clear 
relationship with the 
SMI.
Secondary trails 
crosscuting 
phenocrystals.
Consistent 
assemblages 
in clear zones 
of quartz. No 
clear 
relationship 
with B.
Secondary 
trails. 
Sometimes 
isolated or as 
groups of 2 to 5.
Clouds of tiny 
fluid inclusions. 
Very difficult 
petrography. At 
least two quartz 
generations.
Clouds of tiny 
fluid inclusions. 
Very difficult 
petrography. 
Few trails of B 
inclusions.
Phases at room T (ºC) L+LCO2c+VCO2 L+V+Hal+Hem L+LCO2+VCO2 L+V+Hal+Hem L+V L+V±Hal
Bubble infill (%) 75 - 80 20 75 - 80 15 - 20 15 - 40 irregular 15 - 20
Tm clathrate (ºC) 5.0 ± 1.7 5.9 ± 1.2
Thom CO2 (ºC) 26.9 ± 2.51 to L 24.2 ± 2.52
Thalite (ºC) 334 ± 42 310 ± 74
Salinity (wt% NaCl eq.) 8.9 ± 2.7 39.1 ± 5.6 7.3 ± 2 39.8 ± 5.7 n.m. n.m.
Thom total (ºC) 387 ± 28* 157 ± 7 337.5 ± 2.5* 152 ± 15 167 ± 31 150 ± 47
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Whenȱ observable,ȱ vaporȱ fluidȱ inclusionsȱ showȱ clathrateȱ meltingȱ
temperaturesȱ (Tcla)ȱofȱ5.0±1.7ºCȱ thatȱyieldȱsalinitiesȱofȱ8.9±2.7%ȱwtȱNaClȱeq.ȱTheȱ
homogenizationȱofȱ theȱCO2ȱoccursȱ toȱ theȱ liquidȱphaseȱatȱ26.9±2.5ȱ ºC.ȱDueȱ toȱ theȱ
lowȱdensityȱofȱ theȱvaporȱ inclusions,ȱ theȱobservationȱofȱ theȱ totalȱhomogenizationȱ
temperatureȱwasȱdifficult.ȱTherefore,ȱonlyȱfiveȱfluidȱ inclusionsȱyieldedȱminimumȱ
homogenizationȱtemperaturesȱofȱ387ȱ±ȱ28ºCȱwhileȱtheȱrestȱofȱmeasuredȱvaporȱfluidȱ
inclusionsȱdecrepitatedȱatȱaroundȱ326ºC.ȱȱ
ȱTheȱ secondaryȱ brineȱ inclusionsȱ inȱ theȱ quartzȱ phenocrystsȱ areȱ commonlyȱ
irregularȱwithȱclearȱsignsȱofȱpostȬentrapmentȱmodificationsȱsuchȱasȱneckingȱdownȱ
andȱ variableȱ phaseȱ proportions.ȱ Onlyȱ aȱ fewȱwellȱ preservedȱ assemblagesȱwereȱ
measuredȱ yieldingȱ salinitiesȱ ofȱ 39.1ȱ ±ȱ 5.6%ȱNaClȱ eq.ȱ andȱ totalȱ homogenizationȱ
temperaturesȱofȱ157ȱ±ȱ7ºC.ȱVaporȱandȱbrineȱfluidȱinclusionȱareȱunambiguouslyȱnotȱ
contemporaneousȱ owingȱ toȱ theirȱ differentȱ modeȱ ofȱ occurrenceȱ andȱ totalȱ
homogenizationȱtemperatures.ȱ
III.5.1.2.ȱFluidȱinclusionsȱinȱtheȱAȬveinsȱ
Asȱ theȱquartzȱphenocrysts,ȱAȬveinsȱdoȱnotȱshowȱclearȱSEMȬCLȱ texturesȱ toȱ
correlateȱ withȱ theȱ fluidȱ inclusionȱ typesȱ (Fig.ȱ 17D).ȱ However,ȱ theseȱ veinsȱ hostȱ
severalȱ vaporȱ fluidȱ inclusionȱ assemblagesȱ thatȱ areȱ similarȱ inȱ theȱ modeȱ ofȱ
occurrenceȱandȱinȱtheȱmicrothermometricȱbehaviorȱtoȱtheȱvaporȱfluidȱinclusionsȱinȱ
theȱquartzȱphenocrystsȱ (Fig.ȱ17E).ȱBrineȱ fluidȱ inclusionsȱareȱalsoȱveryȱ similarȱ toȱ
thoseȱ ofȱ theȱ phenocrystsȱ withȱ almostȱ allȱ ofȱ themȱ showingȱ aȱ hematiteȱ crystalȱ
(Fig.17Fȱandȱ17G).ȱSeveralȱgoodȱassemblagesȱofȱVcȱfluidȱinclusionsȱhaveȱclathrateȱ
meltingȱtemperaturesȱ(Tcla)ȱofȱ5.9ȱ±ȱ1.2ºCȱandȱsalinitiesȱofȱ7.3ȱ±ȱ2%ȱNaClȱeq.ȱTheȱ
totalȱ homogenizationȱ temperaturesȱ couldȱ beȱ measuredȱ onlyȱ inȱ twoȱ fluidȱ
inclusionsȱatȱ337.5ȱ±ȱ2.5ȱºC.ȱBrinesȱhaveȱsalinitiesȱofȱ39.8ȱ±ȱ5.7%ȱNaClȱeq.ȱandȱtotalȱ
homogenizationȱtemperaturesȱofȱ167ȱ±ȱ31ºC.ȱ
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III.5.1.3.ȱFluidȱinclusionsȱinȱtheȱopenȱcavitiesȱandȱ“pockets”ȱ
Onlyȱliquidȱaqueousȱ(La)ȱfluidȱinclusionȱassemblagesȱwereȱobservedȱinȱtheȱ
quartzȱandȱtheȱcalciteȱfillingȱcavitiesȱinȱtheȱbrecciaȱ(Fig.ȱ17H).ȱItȱwasȱnotȱpossibleȱtoȱ
observeȱ theȱ iceȱmeltingȱ temperatureȱandȱ theȱ totalȱhomogenizationȱ temperaturesȱ
rangedȱbetweenȱ135ºCȱandȱ197ºC.ȱȱ
Theȱ SEMȬCLȱ imagesȱ ofȱ theȱ calciteȬquartzȱ “pockets”ȱ inȱ theȱ magnetiteȱ
orebodyȱ revealȱ theȱ existenceȱofȱ atȱ leastȱ twoȱgenerationsȱofȱquartzȱ (Fig.17I).ȱTheȱ
firstȱgenerationȱ isȱzonedȱwithȱbandsȱofȱCLȬgrayȱandȱCLȬdarkȱquartzȱandȱpatchesȱ
ofȱCLȬgrayȱquartz.ȱTheȱ secondȱgenerationȱ isȱ relatedȱ toȱbranchingȱmicrofracturesȱ
healedȱbyȱCLȬdarkȱquartz.ȱHoweverȱandȱdespiteȱtheȱgoodȱCLȱimages,ȱonlyȱcloudsȱ
ofȱsmallȱliquidȱaqueousȱfluidȱinclusionsȱcouldȱbeȱobservedȱinȱbothȱgenerationsȱofȱ
quartzȱ (Fig.ȱ 17Jȱ andȱ 17K).ȱ Theȱ largerȱ fluidȱ inclusionsȱ showȱ similarȱ
microthermometricȱbehaviorȱasȱtheȱLaȱfluidȱinclusionsȱinȱtheȱbrecciaȬcavities,ȱwithȱ
finalȱ homogenizationȱ temperaturesȱ belowȱ 200ºC.ȱ Thereȱ areȱ someȱ brineȱ fluidȱ
inclusionsȱwithȱaȱhematiteȱcrystalȱsimilarȱ toȱ theȱBȱ inclusionsȱ foundȱ inȱ theȱquartzȱ
phenocrystsȱandȱinȱtheȱAȬveins.ȱȱ
III.5.1.4.ȱFluidȱinclusionsȱinȱtheȱlateȱveinsȱ
SEMȬCLȱ imagesȱ forȱ theȱ lateȱ veinsȱ areȱ notȱ available,ȱ butȱ theȱ presenceȱ ofȱ
cloudy,ȱmilkyȱ quartzȱ andȱ theȱ lackȱ ofȱ clearȱ zonesȱ indicateȱ thatȱ theseȱ rocksȱhaveȱ
beenȱaffectedȱbyȱseveralȱsuperimposedȱstages.ȱTheȱquartzȱincludesȱabundantȱsmallȱ
fluidȱ inclusionsȱ withȱ noȱ discernibleȱ FIA;ȱ liquidȱ aqueousȬrichȱ andȱ someȱ brineȱ
inclusionsȱ areȱ observed.ȱ Theirȱ appearanceȱ andȱ microthermometricȱ behaviorȱ isȱ
veryȱ similarȱ toȱ theȱ secondaryȱ fluidȱ inclusionsȱ ofȱ theȱ previousȱ stages,ȱ withȱ
homogenizationȱ temperaturesȱbelowȱ 200ȱ ºC.ȱMostȱofȱ theȱ fluidȱ inclusionsȱ inȱ lateȱ
veinsȱareȱtooȱsmallȱforȱreliableȱmicrothermometricȱdata.ȱ
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Figureȱ 17.ȱ Summaryȱ ofȱ fluidȱ inclusionȱ typesȱ andȱ SEMȬCLȱ imagesȱ inȱ theȱ Laȱ
Berronaȱ deposit.ȱ (Aȱ andȱ B)ȱVaporȱ carbonicȱ (Vc)ȱ fluidȱ inclusionsȱ inȱ
quartzȱphenocrystsȱofȱ theȱalbitite.ȱ (C)ȱSecondaryȱ trailsȱofȱbrineȱ fluidȱ
inclusionsȱ(seeȱtheȱinset)ȱcrosscuttingȱtheȱquartzȱphenocryst.ȱ(D)ȱSEMȬ
CLȱ imageȱ ofȱ anȱAȬveinȱ highlightingȱ theȱ edgesȱ ofȱ theȱ quartzȱ grains.ȱ
Noteȱthatȱthereȱisȱnoȱeuhedralȱgrowthȱthatȱcouldȱallowȱtoȱcorrelateȱtheȱ
fluidȱ inclusionȱ arrays.ȱ (E)ȱConsistentȱ vaporȱ carbonicȱ fluidȱ inclusionȱ
assemblageȱ inȱ anȱ AȬvein.ȱ Theȱ presenceȱ ofȱ vaporȱ CO2ȱ isȱ onlyȱ
recognizableȱduringȱtheȱmicrothermometricȱruns.ȱ(FȱandȱG)ȱBrineȱ(B)ȱ
fluidȱ inclusionȱ inȱanȱAȱvein.ȱAȱreddishȱtransparentȱcrystalȱ(hematite)ȱ
canȱbeȱrecognizedȱinȱadditionȱtoȱhaliteȱinȱmostȱofȱthem.ȱ(H)ȱTwoȱphaseȱ
liquidȱaqueousȱfluidȱinclusionsȱinȱtheȱquartzȱfillingȱbrecciaȱcavities.ȱ(I)ȱ
SEMȬCLȱ imageȱ ofȱ theȱ quartzȱ fillingȱ “pockets”ȱ inȱ theȱ bandedȱ
magnetite,ȱshowingȱtheȱpresenceȱofȱatȱleastȱtwoȱgenerationsȱofȱquartz.ȱ
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(J)ȱ Twoȱ phaseȱ liquidȱ aqueousȱ fluidȱ inclusionsȱ inȱ theȱ quartzȱ fillingȱ
“pockets”.ȱTheseȱfluidȱinclusionsȱareȱveryȱsimilarȱtoȱtheȱLaȱinclusionsȱ
ofȱ theȱ brecciaȱ quartzȱ cavities.ȱ (K)ȱ Cloudsȱ ofȱ decrepitatedȱ liquidȱ
aqueousȱ andȱ brineȱ fluidȱ inclusionsȱ inȱ theȱ zonesȱ ofȱ Q2ȱ quartzȱ
generationȱ inȱ theȱpockets.ȱ (L)ȱLiquidȱaqueousȱ fluidȱ inclusionsȱ inȱ lateȱ
veins.ȱ
ȱ
III.5.ȱ2.ȱLAȬICPMSȱanalysisȱofȱtheȱfluidȱinclusionsȱ
Sevenȱ vaporȱ andȱ brineȱ fluidȱ inclusionȱ assemblagesȱ inȱ theȱ quartzȱ
phenocrystsȱandȱinȱtheȱAȬveinsȱwereȱanalyzedȱbyȱLAȬICPMSȱinȱorderȱtoȱconstrainȱ
theȱ compositionȱ ofȱ theȱ fluidsȱ thatȱ circulatedȱ inȱ theȱ Laȱ Berronaȱ magmaticȬ
hydrothermalȱsystem.ȱUnfortunately,ȱonlyȱthreeȱfluidȱ inclusionȱassemblagesȱ(oneȱ
BȱandȱVȱ inȱ theȱphenocrystȱandȱoneȱVȱ inȱ theȱAȬveins)ȱ showedȱ confidentȱ signalsȱ
goodȱenoughȱtoȱreduceȱandȱcalculateȱtheȱabsoluteȱelementȱconcentrationsȱ(Tableȱ4;ȱ
Fig.18).ȱ
TheȱbrineȱassemblageȱisȱcharacterizedȱbyȱhighȱcontentsȱinȱNa2Oȱ(16.2ȱ±ȱ1.5ȱ
wt%),ȱK2Oȱ (10.3ȱ ±ȱ 3.5ȱwt%),ȱCaOȱ (8.05ȱ ±ȱ 3.3ȱwt%),)ȱ andȱFe2O3ȱ (1.5ȱ ±ȱ 0.7ȱwt%),).ȱ
VaporȱassemblagesȱshowȱlowerȱcontentsȱinȱNa2Oȱ(4.3ȱ±ȱ0.2ȱwt%ȱandȱ4.2ȱ±ȱ0.18ȱwt%ȱ
inȱ theȱveinȱandȱphenocrystȱ respectively),ȱK2Oȱ (1.01ȱ±ȱ0.4ȱwt%ȱandȱ1.3ȱ±ȱ0.4ȱwt%ȱ
resp.)ȱandȱ theȱMgOȱ isȱbelowȱ theȱ limitȱofȱdetection.ȱTheȱvaporȱassemblageȱ inȱ theȱ
veinȱhasȱFe2Oȱvaluesȱbelowȱtheȱ limitȱofȱdetection,ȱwhereasȱtheȱvaporȱassemblageȱ
ofȱ theȱphenocrystȱ showsȱaȱFe2Oȱmeanȱvalueȱofȱ1.3ȱ±ȱ0.7ȱwt%,ȱ suggestingȱaȱhighȱ
ironȱ contentȱ inȱ theȱvaporȱphase.ȱHowever,ȱmoreȱanalysisȱareȱneededȱ toȱ confirmȱ
thisȱhighȱFeȱcontentsȱinȱtheȱvaporȱCO2ȱbearingȱfluidȱinclusions.ȱTheȱTiO2ȱcontentȱinȱ
thisȱassemblageȱisȱbelowȱtheȱlimitȱofȱdetection.ȱ
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Mostȱofȱtheȱanalyzedȱtraceȱelementsȱareȱbelowȱtheȱlimitȱofȱdetectionȱinȱtheȱ
vaporȱfluidȱinclusionsȱ(Fig.18).ȱHowever,ȱtheyȱshowȱhighȱcontentsȱinȱSrȱ(1069ȱ±ȱ213ȱ
ΐg/gȱ andȱ 1313ȱ ±ȱ 619ȱ ΐg/gȱ inȱ theȱAȬveinȱ andȱ quartzȱ phenocrysts,ȱ respectively)ȱ
followedȱbyȱBaȱ(417ȱΐg/gȱandȱ714ȱ±ȱ206ȱΐg/g)ȱandȱPbȱ(73ȱ±ȱ10ȱΐg/gȱandȱ157ȱ±ȱ67ȱ
ΐg/g).ȱ Srȱ isȱ alsoȱ theȱmostȱ abundantȱ elementȱ inȱ theȱ secondaryȱ brinesȱ fromȱ theȱ
phenocrystȱ withȱ concentrationsȱ ofȱ 8910ȱ ±ȱ 3939ȱ ΐg/g,ȱ followedȱ byȱ Baȱ withȱ
concentrationsȱ ofȱ 3808ȱ ±ȱ 2188ȱ ΐg/g.ȱ Thisȱ enrichmentȱ inȱ BaȬSrȬPbȱ isȱ unlikelyȱ toȱ
occurȱ inȱ theȱ residualȱmagmaticȬhydrothermalȱ fluidsȱ afterȱ theȱ crystallizationȱ ofȱ
feldsparȱorȱplagioclaseȱunlessȱ thereȱ isȱ excessȱofȱ theseȱ elementsȱ inȱ theȱ fluid.ȱTheȱ
onlyȱ likelyȱ alterativeȱ isȱ thatȱ theȱ fluidsȱ interactedȱ withȱ feldsparȬrichȱ rocksȱ theȱ
albititeȱorȱtheȱhostȱrocks.ȱ
ȱ
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Figureȱ 18.ȱ Averageȱ elementȱ concentrationȱ forȱ theȱ threeȱ fluidȱ inclusionȱ
assemblagesȱthatȱgiveȱreliableȱLAȬICPMSȱsignals.ȱBȱphenocryst:ȱsampleȱ
CBE2lateȬchip8;ȱVcȱAȬvein:ȱ sampleȱCBE2Ȭchip1ȬveinA;ȱVcȱphenocryst:ȱ
sampleȱBerrona3.ȱMajorȱandȱtraceȱelementsȱareȱgivenȱinȱwt%ȱandȱΐg/gȱ
respectively.ȱ
ȱ
III.6.ȱDiscussionȱ
III.6.1.ȱDistinguishingȱalbitites:ȱaȱmetasomaticȱvs.ȱaȱmagmaticȱoriginȱȱ
Despiteȱ formedȱ inȱ veryȱ differentȱ settings,ȱ allȱ theȱ albititeȱ rocksȱ elsewhereȱ
shareȱ similarȱassemblagesȱwithȱonlyȱvariationsȱ inȱ theȱ silicaȱ content.ȱMostȱofȱ theȱ
albititeȱ occurrencesȱ inȱ theȱworld,ȱ andȱ particularlyȱ thoseȱ relatedȱ toȱ ironȱ oxideȬ
(±Cu–±Au)ȱdepositsȱareȱconsideredȱasȱofȱmetasomaticȱorigin,ȱwithȱtheȱexceptionȱofȱ
plagiograniteȱ inȱophioliticȱcomplexes,ȱTTGȱsuitesȱandȱgreenstoneȱbeltsȱandȱsomeȱ
AȬtypeȱgranite.ȱ
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III.6.1.1.ȱTwoȱmodelsȱexplainingȱtheȱsameȱrock:ȱevidencesȱandȱtheirȱvalidityȱȱ
Atȱaȱglobalȱscale,ȱtheȱmetasomaticȱmodelȱforȱtheȱgenesisȱofȱalbititeȱinvolvesȱ
theȱcirculationȱofȱNaȱ(±Ca)Ȭrichȱaqueousȱfluidsȱthatȱareȱinȱdisequilibriumȱwithȱtheȱ
hostȱrockȱ (commonlyȱaȱgranitoidȱbutȱalsoȱmetasedimentaryȱrocks)ȱ thatȱreactȱandȱ
produceȱanȱalmostȱmonominerallicȱrockȱdominatedȱbyȱalbiteȱwithȱlesserȱamountsȱ
ofȱquartzȱandȱ clinoamphibole.ȱFluidsȱ relatedȱ toȱ thisȱprocessȱareȱ typicallyȱhighlyȱ
salineȱ (18ȱ Ȭȱ30ȱ%ȱNaClȱeq.),ȱhotȱ (400ȱ Ȭȱ500ºC)ȱandȱusuallyȱCO2Ȭrichȱ (Markȱetȱal.,ȱ
1998;ȱOliverȱ etȱ al.,ȱ 2004).ȱ Inȱ thisȱ fluidȱ context,ȱ theȱ albitizationȱ isȱ causedȱ byȱ theȱ
preferentialȱ growthȱ ofȱ albiteȱ overȱKȱ feldsparȱ involvingȱ theȱ circulationȱ ofȱ fluidsȱ
withȱhighȱNa/(Na+K)ȱratios.ȱThisȱcanȱbeȱdueȱtoȱtheȱfactȱthatȱaȱfluidȱinȱequilibriumȱ
withȱaȱtwoȱfeldsparsȬbearingȱrock,ȱtheȱNa/(Na+K)ȱratioȱincreasesȱinȱtheȱpresenceȱofȱ
CO2ȱorȱvolatilesȱ(Orville,ȱ1963;ȱLagacheȱandȱWeisbrod,ȱ1977;ȱPollard,ȱ2001)ȱorȱdueȱ
toȱtheȱleachingȱofȱNaȬrichȱrocksȱsuchȱasȱevaporitesȱ(BartonȱandȱJohnson,ȱ2000)ȱorȱ
theirȱancientȱequivalents.ȱLaterȱinȱtheȱevolutionȱofȱtheȱsystem,ȱdueȱtoȱtheȱunmixingȱ
ofȱ theȱH2OȬCO2ȬNaCl±CaCl2ȬKClȱ fluids,ȱ theȱ dropȱ inȱ theȱNaȱ contentȱ dueȱ toȱ theȱ
precipitationȱ ofȱ albiteȱ orȱ cooling,ȱKȱ feldsparȱ becomesȱ theȱ stableȱ feldsparȱ phaseȱ
leadingȱtoȱaȱsuperimposedȱpotassicȱalteration.ȱHere,ȱaȱ0.01ȱincreaseȱinȱequilibriumȱ
Na/(Na+K)ȱ isȱ equivalentȱ toȱ aȱ temperatureȱ decreaseȱ ofȱ 25ȱ ºCȱ (Lagacheȱ andȱ
Weisbrod,ȱ1977).ȱThisȱparticularlyȱexplainsȱtheȱearlyȱalbititizationȱinȱFeȱoxideȬCuȬ
Auȱ districtsȱ orȱ porphyryȱ systemsȱ thatȱ isȱ commonlyȱ overprintedȱ atȱ lowerȱ
temperaturesȱ byȱ KȬrichȱmetasomatismȱwithȱ theȱ developmentȱ ofȱ Kȱ feldsparȱ orȱ
biotite.ȱ
AȱremarkableȱworldȱclassȱexampleȱofȱtheȱNaȬrichȱmetasomaticȱalterationȱisȱ
thatȱobservedȱinȱtheȱwellȬknownȱalbititeȱfromȱcentralȱSardinia,ȱwithȱmoreȱthanȱ90ȱ
km2ȱofȱexposedȱalbititeȱthatȱisȱcurrentlyȱexploitedȱasȱaȱfeldsparȱresourceȱ(Carcangiuȱ
etȱal.,1997;ȱBiddauȱetȱal.,ȱ2001;ȱPalombaȱetȱal.,ȱ2001;ȱCastorinaȱetȱal.,ȱ2006).ȱInȱtheseȱ
rocks,ȱtheȱgraniticȱprotolithȱisȱprogressivelyȱalteredȱtoȱanȱ“albitizedȱgranitoid”ȱthatȱ
finallyȱevolvesȱintoȱaȱcompletelyȱalbitizedȱrockȱ(Fig.19).ȱ
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Theȱ magmaticȱ modelȱ isȱ lessȱ describedȱ inȱ theȱ literature,ȱ exceptȱ forȱ theȱ
plagiograniteȱ inȱ ophioliticȱ suites,ȱ whichȱ formationȱ processȱ isȱ reasonablyȱ wellȱ
explainedȱ (Aldissȱetȱal.,ȱ1981;ȱElthon,ȱ1991;ȱLiangȱ etȱal.,ȱ1995;ȱFloydȱ etȱal.,ȱ1998;ȱ
Koepkeȱetȱal.,ȱ2004).ȱOtherȱprimaryȱmagmaticȱalbititeȱisȱthatȱrelatedȱtoȱtheȱalkalineȱ
granitoids,ȱusuallyȱdueȱtoȱtheȱcrystallizationȱofȱNaȱ(±ȱLiȱ±ȱF)ȬrichȱmagmasȱofȱAȬȱorȱ
SȬtypeȱmeltsȱformedȱeitherȱbyȱfractionalȱcrystallizationȱorȱpartialȱmeltingȱofȱcrustalȱ
rocksȱ (KovalenkoȱandȱKovalenko,ȱ1984;ȱSchmitzȱandȱBurt,ȱ1990;ȱSchwartz,ȱ1992:ȱ
Azerȱ etȱ al.,ȱ 2010).ȱ However,ȱ theȱ specificȱmagmaticȱ processesȱ thatȱ leadȱ toȱ thisȱ
particularȱrockȱareȱstillȱpoorlyȱunderstood.ȱ
Figureȱ 19.ȱ Photographsȱ ofȱ theȱ albititeȱ fromȱ theȱ Isȱ Paduleddasȱ depositȱ (centralȱ
Sardinia)ȱshowingȱ theȱrelationshipsȱbetweenȱ theȱgraniticȱprotolithȱandȱ
theȱalbititeȱ(A)ȱandȱtheȱpartiallyȱalbitizedȱgraniteȱcrosscutȱbyȱanȱalbititeȱ
veinȱ(B).ȱ
Theȱ evidencesȱ givenȱ inȱ theȱ literatureȱ forȱ discriminatingȱ theȱ formationȱ ofȱ
albititeȱviaȱmetasomaticȱorȱmagmaticȱprocessesȱareȱtheȱfollowing:ȱ
1) Fieldȱevidences:ȱ
a) Metasomaticȱmodelȱ
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i) Presenceȱ ofȱ replaciveȱ texturesȱ indicatingȱ aȱ metasomaticȱ evolutionȱ
patternȱ fromȱ theȱ unalteredȱ graniticȱ protolithȱ throughȱ aȱ transitionalȱ
albitizedȱ rockȱ toȱ aȱmassiveȱ albititeȱ (Fig.ȱ 19)ȱ (e.g.ȱCharoyȱ etȱ al.,ȱ 1989;ȱ
Mark,ȱ1998;ȱPalomba,ȱ2001)ȱȱ
ii) Structurallyȱ controlledȱ Naȱ Ȭȱ richȱ rocksȱ occurringȱ alongȱ faults,ȱ veins,ȱ
lithologicȱcontactsȱandȱbrecciasȱ(Fig.ȱ19B)ȱ(e.g.ȱPalomba,ȱ2001;ȱCharoyȱetȱ
al.,ȱ1989;ȱMark,ȱ1998).ȱ
iii) ȱExistenceȱ ofȱ relicsȱ ofȱ theȱ protolithȱ rockȱ inȱ theȱ albititeȱ (e.g.ȱ Palomba,ȱ
2001).ȱ
b) Magmaticȱmodelȱ
i) Clearȱ spatial,ȱ chronologicalȱ andȱ geneticȱ associationȱ ofȱ theȱ albititeȱ toȱ
magmaticȱ rocksȱ suchȱ asȱ ophioliticȱ suitesȱ orȱAȬȱ orȱ SȬtypeȱmagmatismȱ
(e.g.ȱSherbiniȱ andȱQuadiȱ andȱQhadi,ȱ 2004;ȱKoepkeȱ etȱ al,ȱ 2004;ȱElthon,ȱ
1991).ȱ
ii) Absenceȱofȱaȱtransitionalȱmetasomaticȱcolumn.ȱ
iii) Theȱoccurrenceȱofȱtypicalȱmagmaticȱstructuresȱasȱwellȱasȱtheȱpresenceȱofȱ
typicalȱintrusiveȬlikeȱcartographicȱshapes.ȱ
iv) Sharpȱ contactsȱwithȱ theȱ hostȱ rock,ȱ presenceȱ ofȱ xenolithsȱ andȱuniformȱ
mineralogy,ȱwithȱ absenceȱ ofȱ evidencesȱ ofȱ albitizationȱ ofȱ theȱ countryȱ
rocksȱ(SherbiniȱandȱQuadi,ȱ2004).ȱ
2) Petrographicȱevidencesȱȱ
a) Metasomaticȱmodelȱ
i) ReplacementȱofȱtheȱKȱfeldsparȱ(microcline)ȱbyȱNaȬrichȱplagioclaseȱ(albiteȱ
Ȭȱoligoclase)ȱ (Palomba,ȱ2001,ȱCharoyȱetȱal.,ȱ1986;ȱMark,ȱ1998,ȱOliverȱetȱ
al.,ȱ 2004).ȱ Sometimesȱ theȱ Kȱ feldsparȱ isȱ completelyȱ replacedȱ butȱ
commonlyȱitȱshowsȱresorbedȱgrainȱboundariesȱorȱoccursȱasȱrelicsȱinȱtheȱ
grainsȱ ofȱNaȬrichȱ plagioclase;ȱ albiteȬrichȱ rimsȱ areȱwidespreadȱ aroundȱ
theȱKȱ feldsparȱorȱ replacingȱ theȱgroundmassȱofȱ theȱ rock.ȱAdditionally,ȱ
theȱalbiteȱ fillsȱopenȱspacesȱcreatedȱbyȱ theȱdissolutionȱofȱ formerȱquartz.ȱ
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Theȱalbiteȱcanȱlocallyȱpreserveȱtheȱgeneralȱshapeȱandȱtwinȱpatternȱofȱtheȱ
originalȱ Kȱ feldsparȱ (Castorinaȱ etȱ al.,ȱ etȱ al.,ȱ 2006).ȱ Thisȱ petrographicȱ
criterionȱisȱtheȱmostȱcommonlyȱusedȱinȱtheȱliteratureȱasȱindicatorȱofȱtheȱ
presenceȱofȱaȱmetasomaticȱalteration.ȱ
ii) GreatȱvariabilityȱofȱtheȱgrainȱsizeȱofȱtheȱNaȱplagioclase.ȱ
iii) Presenceȱofȱassociatedȱmineralogicalȱ changes,ȱ suchȱasȱ theȱ replacementȱ
ofȱ biotiteȱ byȱ epidote,ȱ muscoviteȱ orȱ chlorite.ȱ Also,ȱ theȱ presenceȱ ofȱ
secondaryȱhydrothermalȱmineralsȱsuchȱasȱquartzȱand/orȱhydrothermalȱ
zirconȱ distributedȱ alongȱ grainȱ boundariesȱ andȱ microfracturesȱ
(Drummond,ȱ1986;ȱPalomba,ȱ2001;ȱCharoyȱetȱal.,ȱ1989)ȱ
iv) Evidencesȱ ofȱ quartzȱ dissolutionȱ inȱ theȱ albitizedȱ zones.ȱ i.e,ȱ
episyenitization.ȱ Thisȱ isȱ anȱ importantȱ alterationȱ processȱ sinceȱ itȱ
enhancesȱ theȱ permeabilityȱ ofȱ theȱ rock,ȱ increasingȱ theȱ circulationȱ ofȱ
hydrothermalȱ fluidsȱ (e.g.ȱ Charoyȱ etȱ al.,ȱ 1989,ȱ Caballero,ȱ 1993,ȱ 1999,ȱ
Cathelineau,ȱ1983;ȱBoulvais,ȱetȱal.,ȱ2007).ȱ
b) Magmaticȱmodelȱ
i) Lackȱ ofȱ systematicȱpervasiveȱ replacementȱ ofȱKȱ feldsparȱ orȱ relicsȱ ofȱKȱ
feldsparȱwithinȱtheȱalbiteȱ(SherbiniȱandȱQuadiȱandȱQuadi,ȱ2004).ȱ
ii) “Snowballȱ quartz”ȱ textureȱ consistingȱ ofȱ lathsȱ ofȱ albititeȱ disposedȱ
concentricallyȱalongȱtheȱgrowthȱzonesȱofȱtheȱquartzȱ(Schwartz,ȱ1992;ȱXuȱ
etȱ al.,ȱ 1987;ȱ Pollard,ȱ 1988).ȱ However,ȱ someȱ authorsȱ (Beus,ȱ 1966,ȱ
Boguslavskiyȱ etȱ al.,ȱ 1966;ȱ Bazarovȱ etȱ al.,ȱ 1973ȱ andȱ Sabetȱ etȱ al,ȱ 1976)ȱ
considerȱ thisȱ textureȱ asȱ indicativeȱ ofȱ aȱmetasomaticȱ originȱ (Schwartz,ȱ
1992;ȱSherbiniȱandȱQuadi,ȱ2004).ȱ
iii) PresenceȱofȱwellȬpreservedȱprimaryȱsilicateȱmeltȱinclusionsȱ(thisȱstudy).ȱ
3) Geochemicalȱevidencesȱ
a) Metasomaticȱmodelȱȱ
i) DepletionȱofȱsomeȱmajorȱelementsȱsuchȱasȱSiO2,ȱK2Oȱand/orȱCaOȱandȱinȱ
lessȱproportion,ȱofȱFe2O3ȱandȱMgO,ȱinȱtheȱmetasomaticȱalbititeȱregardingȱ
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theȱprotolith.ȱStrongȱenrichmentȱofȱNa2O,ȱlocallyȱaccompaniedȱbyȱthatȱinȱ
CaOȱandȱAl2O3ȱ(Politoȱetȱal.,ȱ2009;ȱCastorinaȱetȱal.,ȱ2006;ȱPalomba,ȱ2001;ȱ
Oliverȱetȱal.,ȱ2004;ȱSchwartz,ȱ1992;ȱMark,ȱ1998,ȱ2000).ȱ
ii) Depletionȱ ofȱ someȱ traceȱ elementsȱ suchȱ asȱ Baȱ andȱ Rbȱ Ȭȱ dueȱ toȱ theȱ
destructionȱofȱKȱfeldsparȱandȱbiotiteȱduringȱalbitizationȱȬȱPb,ȱCl,ȱZn,ȱCo,ȱ
Cr,ȱSr,ȱEu,ȱUȱandȱTh.ȱInȱmostȱcases,ȱthereȱisȱaȱsignificantȱenrichmentȱinȱ
theȱ newlyȱ formedȱ Naȱ plagioclaseȱ (Schwartz,ȱ 1992;ȱ Palomba,ȱ 2001;ȱ
Chaurisȱetȱal.,ȱ1985).ȱThereȱisȱalsoȱanȱaccompanyingȱenrichmentȱinȱZr,ȱF,ȱ
Y,ȱandȱLi.ȱ
iii) REEȬenrichmentȱ dueȱ toȱ theȱ widespreadȱ crystallizationȱ ofȱ someȱ
hydrothermalȱminerals,ȱ likeȱLREEȱ inȱnewlyȱ formedȱepidoteȱandȱHREEȱ
inȱtitaniteȱasȱinȱtheȱalbititeȱfromȱcentralȱSardinia,ȱPalomba,ȱ2001;ȱBiddauȱ
etȱal.,ȱ2002;ȱCarcangiuȱetȱal,ȱ1997).ȱȱ
iv) Lackȱofȱgeochemicalȱtrendsȱconsistentȱwithȱmagmaticȱdifferentiationȱ inȱ
theȱ Harkerȱ diagramsȱ andȱ inȱ theȱ normativeȱ quartzȬalbiteȬorthoclaseȱ
plots.ȱSchwartzȱ(1992)ȱquotesȱtoȱtheȱsignificantȱdeviationȱ inȱtheȱquartzȬ
albiteȬorthoclaseȱ plotȱ fromȱ theȱ pseudoȱ ternaryȱ minimaȱ toȱ theȱ pureȱ
albitite.ȱ
b) Magmaticȱmodelȱ
i) HighȱcontentsȱinȱSiO2,ȱNa2O,ȱRb,ȱBaȱandȱlowȱcontentsȱinȱMgO,ȱK2O,ȱCaOȱ
andȱTiO2ȱ inȱtheȱalbitite,ȱ inȱagreementȱwithȱ theȱpartitioningȱofȱelementsȱ
betweenȱ aȱ meltȱ andȱ theȱ crystallizingȱ mineralsȱ (Sherbiniȱ and,ȱ 2004,ȱ
Schwartz,ȱ 1992,ȱ thisȱ study).ȱ Presenceȱ ofȱ anȱ Euȱ negativeȱ anomalyȱ
consistentȱwithȱtheȱfractionationȱofȱplagioclase.ȱȱ
ii) PresenceȱofȱhighȱFȱand/orȱLiȱcontents,ȱindicativeȱofȱtheȱformationȱofȱtheȱ
albiteȱduringȱtheȱlateȱstagesȱofȱfractionalȱcrystallizationȱofȱunusualȱLiȬFȱ
richȱgraniticȱmeltsȱ(KovalenkoȱandȱKovalenko,ȱ1984).ȱ
ȱ
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Theȱaboveȱfieldȱandȱpetrographicȱevidencesȱshouldȱbeȱsystematicallyȱusedȱ
asȱ criteriaȱ forȱ theȱ discriminationȱ betweenȱ magmaticȱ andȱ metasomaticȱ albitite.ȱ
However,ȱ theȱ geochemicalȱ evidencesȱ areȱ moreȱ dubiousȱ andȱ sometimesȱ
contradictory.ȱ Inȱ orderȱ toȱ evaluateȱ theȱvalidityȱ ofȱ theȱgeochemicalȱ evidencesȱ asȱ
usableȱcriteria,ȱweȱhaveȱcomparedȱinȱaȱchondriteȬnormalizedȱspiderȱdiagramȱ(Fig.ȱ
20)ȱ theȱ traceȱ elementȱ compositionȱ ofȱ differentȱ albititeȱ interpretedȱ eitherȱ asȱ
magmaticȱ orȱ metasomatic,ȱ includingȱ thoseȱ relatedȱ toȱ ironȱ oxide–(±CuȬ±Au)ȱ
mineralization.ȱ Fromȱ thisȱ plotȱ itȱ canȱ beȱ inferredȱ thatȱ allȱ theȱ albititeȱ rocks,ȱ
regardlessȱofȱ theirȱorigin,ȱ showȱveryȱ similarȱ traceȱelementȱpatterns.ȱ Inȱaddition,ȱ
bothȱtheȱdepletionsȱandȱgainsȱofȱtheȱmajorȱandȱtraceȱelementsȱcanȱbeȱexplainedȱasȱ
eitherȱmagmaticȱorȱmetasomaticȱfractionationȱprocesses.ȱTheseȱresultsȱsupportȱthatȱ
theȱ geochemicalȱ criteriaȱ aloneȱ areȱ notȱ diagnosticȱ forȱ theȱ ultimate,ȱmagmaticȱ orȱ
metasomaticȱoriginȱofȱtheȱalbitite.ȱ
Probably,ȱtheȱmostȱconvincingȱevidenceȱforȱaȱmagmaticȱoriginȱofȱtheȱalbititeȱ
fromȱtheȱLaȱBerronaȱandȱelsewhereȱisȱtheȱexistenceȱofȱmeltȱinclusionsȱthatȱhaveȱaȱ
chemicalȱcompositionȱsimilarȱtoȱthatȱofȱtheȱhostȱrockȱandȱveryȱlikelyȱrepresentȱtheȱ
meltȱ fromȱwhichȱ theȱ bulkȱ rockȱwasȱ formed.ȱPerhapsȱ thisȱ isȱ theȱmostȱdefinitiveȱ
argumentȱprovingȱtheȱexistenceȱofȱtrueȱprimaryȱalbititeȱmelts.ȱ
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Zone,ȱSpain:ȱplagiograniteȱ (SánchezȬGarcíaȱetȱal.,ȱetȱal.,ȱ2003);ȱBayȱofȱ
Island,ȱ USA:ȱ plagiograniteȱ inȱ anȱ ophioliticȱ complex;ȱ Asirȱ Region,ȱ
SaudiȱArabia:ȱREEȬrichȱalbititeȱ(SherbiniȱandȱQuadiȱandȱQuadi,ȱ2004).ȱ
SuperiorȱProvince,ȱCanada:ȱTTGȱrelatedȱtrondhjemite.ȱ
III.6.1.2.ȱTheȱalbititeȱfromȱLaȱBerrona:ȱwhyȱmagmatic?ȱ
Asȱdescribedȱinȱtheȱsectionȱ5.4ȱandȱinȱtheȱFiguresȱ10ȱandȱ11,ȱtheȱSMIȱhaveȱ
anȱaverageȱmajorȱelementȱcompositionȱveryȱsimilarȱtoȱthatȱofȱtheȱalbititeȱhostȱ(withȱ
SiO2ȱ=ȱ73.2±1.9ȱwt%ȱ inȱtheȱSMIȱandȱ77.7±0.9ȱ inȱtheȱbulkȱrock,ȱNa2Oȱ=ȱ6.8±1.1ȱandȱ
7.1±0.5ȱwt%,ȱK2Oȱ=ȱ0.1±0.1ȱandȱ0.1±0.04ȱȱwt%ȱandȱCaOȱ=ȱ0.6±0.4ȱandȱ0.6±0.5ȱwt%).ȱ
Theȱ traceȱ elementȱdistributionȱbetweenȱ theȱmeltȱ inclusionsȱandȱ theȱalbititeȱ isȱ inȱ
agreementȱ withȱ theȱ elementȱ fractionationȱ behaviorȱ inȱ aȱ magmaticȱ system.ȱ Inȱ
addition,ȱtheȱpetrographicȱandȱchemicalȱfeaturesȱofȱtheȱSMIȱruleȱoutȱtheȱpossibilityȱ
ofȱatȱleastȱsignificantȱpreȬ,ȱsynȬȱorȱpostȬentrapmentȱprocessesȱthatȱcouldȱchangeȱtheȱ
primitiveȱcomposition.ȱȱ
Theȱ keyȱ questionȱ isȱ ifȱ theȱ SMIȱ couldȱ haveȱ beenȱ trappedȱ inȱ theȱ quartzȱ
phenocrystsȱ andȱ afterwardsȱ beingȱ alteredȱ byȱ theȱ lateȱ hydrothermalȱ fluidsȱ thatȱ
producedȱ aȱ hypotheticalȱ albitizationȱ ofȱ theȱ hostȱ granitoid.ȱTheȱmajorȱ argumentȱ
againstȱ suchȱ aȱ statementȱ isȱ thatȱ ifȱ theȱ rocksȱ areȱ hydrothermallyȱ altered,ȱ theȱ
compatible/incompatibleȱbehaviorȱofȱtheȱtraceȱelementsȱbetweenȱtheȱSMIȱandȱtheȱ
albiteȱplagioclaseȱandȱ theȱbulkȱrockȱcompositionȱwouldȱnotȱbeȱ fulfilledȱ (Fig.ȱ13).ȱ
Onȱ theȱ otherȱ hand,ȱ allȱ theȱ selectedȱ SMIȱ showȱ aȱ strongȱ phaseȱ consistencyȱwithȱ
similarȱ solid/meltȱ phaseȱ ratiosȱ andȱ alsoȱ strongȱ consistencyȱ onȱ theȱ LAȬICPMSȱ
elementȱ concentrationsȱ inȱ allȱ theȱ dataset.ȱ ȱ Itȱ isȱ unlikelyȱ thatȱ theȱ hydrothermalȱ
alterationȱwouldȱ haveȱ affectedȱ homogeneouslyȱ allȱ theȱ analyzedȱmeltȱ inclusionsȱ
withinȱtheȱquartzȱphenocrysts.ȱȱ
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AȱmagmaticȱmodelȱforȱtheȱLaȱBerronaȱStockȱandȱequivalentȱalbititeȱbodiesȱ
inȱ theȱValuengoȱareaȱ isȱalsoȱsupportedȱbyȱ fieldȱevidences,ȱsuchȱasȱ theȱ lackȱofȱanȱ
hypotheticalȱprotolithȱinȱanyȱofȱtheȱintrusions,ȱtheȱabsenceȱofȱmetasomaticȱcontactsȱ
norȱ relictsȱofȱprecursorȱ rocksȱwithinȱ theȱalbititeȱandȱ theȱ sharpȱ contactsȱwithȱ theȱ
countryȱ rocks.ȱFurthermore,ȱ theȱ albititeȱ showsȱ typicalȱprimaryȱ igneousȱ texturesȱ
withȱ littleȱ postȬcrystallizationȱ alteration.ȱ Thus,ȱ allȱ theȱ evidencesȱ presentedȱ hereȱ
pointȱtowardsȱaȱmagmaticȱoriginȱforȱtheȱstudiedȱalbititeȱandȱcontradictȱtheȱcurrentȱ
viewȱ ofȱ thatȱ allȱ theȱ albititeȱ relatedȱ toȱ Feȱ oxideȬ(±Cu–±Au)ȱ depositsȱ isȱ ofȱ
metasomaticȱorigin.ȱȱ
III.6.2.ȱSourceȱandȱevolutionȱofȱtheȱmagmaticȱalbititeȱȱ
III.6.2.1.ȱHypothesesȱonȱ theȱoriginȱandȱ classificationȱofȱhighȱ silicaȱ–ȱ lowȱK/Naȱ
magmaticȱrocksȱȱ
Differentȱmodelsȱhaveȱbeenȱproposedȱinȱtheȱliteratureȱtoȱexplainȱtheȱoriginȱ
ofȱ highȱ silicaȱ (>70ȱ wtȱ %)ȱ –ȱ highȱ Na/Kȱ melts.ȱ Mostȱ ofȱ themȱ agreeȱ withȱ theirȱ
derivationȱfromȱtheȱpartialȱmeltingȱofȱcrustalȱrocksȱbutȱtheȱcontributionȱofȱmantleȬ
derivedȱmaterialȱ canȱ beȱ alsoȱ importantȱ eitherȱ asȱpartȱ ofȱ hybridationȱ orȱ asȱ heatȱ
supplierȱ inȱ theȱ partialȱmeltingȱ process.ȱ Inȱ otherȱ cases,ȱ asȱ inȱ plagiogranitesȱ inȱ
ophioliticȱsequences,ȱtheȱcontributionȱofȱtheȱmaficȱphaseȱisȱdominant,ȱasȱtheyȱareȱ
formedȱ duringȱ extremeȱ differentiationȱ ofȱ juvenileȱ magmas.ȱ However,ȱ theȱ
identificationȱ ofȱ theȱ sourceȱ rockȱ isȱ notȱ alwaysȱ easyȱ asȱ itsȱ primaryȱ
geochemical/mineralogicalȱ signatureȱ imprintȱ isȱ usuallyȱ obliteratedȱ byȱ furtherȱ
processesȱofȱassimilationȱandȱmixingȱuponȱtheȱascentȱofȱtheȱmelt.ȱ
Highȱ silicaȱ –ȱhighȱNa/Kȱ igneousȱ rocksȱdominatedȱ byȱNaȬrichȱplagioclaseȱ
andȱquartzȱhaveȱbeenȱusuallyȱknownȱasȱalbitite,ȱplagiogranite,ȱ trondhjemite,ȱand/orȱ
peraluminousȱleucogranite.ȱThereȱisȱnoȱȱsingleȱclassificationȱschemeȱforȱthemȱandȱtheȱ
onlyȱcommonȱ featureȱ isȱ theȱhighȱcontentȱ inȱsilicaȱandȱsodiumȱasȱwellȱasȱ theȱ lowȱ
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contentsȱ inȱK,ȱCaȱ andȱMg.ȱTrondhjemiteȱ isȱ consideredȱ toȱbeȱpartȱ ofȱ theȱ tonalitic,ȱ
trondhjemiticȱ andȱ granodioriticȱ (TTG)ȱ igneousȱ suitesȱ thatȱ areȱ commonlyȱ foundȱ inȱ
Archeanȱgreenstoneȱbelts,ȱbutȱalsoȱinȱotherȱmoreȱrecentȱmagmaticȱprovincesȱsuchȱ
asȱtheȱIberianȱPyriteȱBeltȱ ȱ(Schutzȱetȱal.,ȱ1987).ȱTheyȱareȱcommonlyȱinterpretedȱasȱ
dueȱtoȱproductȱofȱtheȱmeltingȱofȱanȱamphiboliticȱprotolithȱatȱtemperaturesȱrangingȱ
fromȱ850ºȱtoȱ1100ȱºCȱ(BarkerȱandȱArth,ȱ1976;ȱRappȱetȱal.,ȱ1991;ȱWyllieȱetȱal.,ȱ1997,ȱ
PatiñoȱDouce,ȱ 1997,ȱ 1998).ȱ Inȱ someȱ cases,ȱNaȬrichȱmetasomaticȱ rocksȱhaveȱbeenȱ
erroneouslyȱ calledȱ trondhjemiteȱ (e.g.ȱ Drummond,ȱ 1989)ȱ leadingȱ toȱ theȱ
misunderstandingȱ ofȱ theȱ term.ȱ Theȱ descriptiveȱ termȱ plagiograniteȱ isȱ commonlyȱ
usedȱforȱplagioclaseȬrichȱrocksȱfoundȱinȱophioliticȱsequencesȱexclusively,ȱthatȱareȱ
consideredȱ toȱbeȱ formedȱbyȱpartialȱmeltingȱofȱoceanicȱgabbro.ȱAlternatively,ȱ theȱ
denominatedȱ oceanicȱ plagiograniteȱ (notȱ necessarilyȱ relatedȱ toȱ anȱ ophiolite)ȱ areȱ
consideredȱ toȱ beȱ productsȱ ofȱ theȱ fractionalȱ crystallizationȱ ofȱ aȱ MORBȱ systemȱ
(Colemanȱ andȱ Peterman,ȱ 1975;ȱ SánchezȬGarcíaȱ etȱ al.,ȱ 2003;ȱ Koepke,ȱ 2004).ȱ
Peraluminousȱ SiO2Ȭrichȱ leucograniteȱ isȱ commonlyȱ usedȱ forȱ felsicȱ igneousȱ rocksȱ
productȱofȱtheȱpartialȱmeltingȱofȱcontinentalȱcrustalȱrocksȱduringȱtheȱdehydrationȱ
meltingȱofȱmuscoviteȱrichȱmetasedimentsȱduringȱregionalȱmetamorphism,ȱi.e.,ȱtheȱ
SȬtypeȱ granitoids.ȱ Also,ȱ theyȱ canȱ beȱ theȱ productȱ ofȱ theȱ extremeȱ fractionalȱ
crystallizationȱ ofȱ graniticȱ series,ȱ i.e.,ȱ theȱmostȱ evolvedȱ termsȱ ofȱ graniticȱ seriesȱ
(PatiñoȱDouce,ȱ1997,ȱ1998).ȱTheȱtermȱleucograniteȱisȱambiguousȱandȱincludesȱallȱtheȱ
quotedȱigneousȱleucocraticȱrocksȱregardlessȱofȱtheirȱorigin.ȱ
Amongȱallȱtheȱnamesȱlistedȱabove,ȱtheȱgeneralȱtermȱalbititeȱisȱpreferredȱhereȱ
toȱ describeȱ theseȱ highȱ silicaȱ (>70ȱwtȱ%)ȱ albiteȱ plagioclaseȬrichȱ rocksȱ becauseȱ itȱ
avoidsȱanyȱgeneticȱconnotationȱbutȱhighlightsȱ theȱmostȱsignificantȱ featureȱofȱ theȱ
rock,ȱ i.e.ȱ theȱabsoluteȱdominanceȱofȱalbite.ȱThisȱdenominationȱ isȱmoreȱspecificȱasȱ
otherȱ rocksȱ suchȱ asȱ trondhjemiteȱ showȱwiderȱ rangeȱ inȱ plagioclaseȱ compositionȱ
rangingȱ betweenȱ albiteȱ toȱ oligoclase.ȱ Thereȱ areȱ twoȱ exceptionsȱ forȱwhichȱ otherȱ
termsȱ areȱ recommendedȱ toȱ use:ȱ (1)ȱ inȱ theȱ commonȱ caseȱ inȱwhichȱ theȱNaȬrichȱ
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alterationȱ isȱnotȱpervasiveȱbutȱstructurallyȱcontrolledȱandȱ localized,ȱtheȱ termȱNaȬ
richȱalteredȱrockȱorȱalbitizedȱrockȱshouldȱbeȱusedȱratherȱthanȱtheȱtermȱalbitite;ȱand,ȱ(2)ȱ
whenȱ theȱ geologicalȱ settingȱ isȱ unquestionable,ȱ suchȱ asȱ inȱ theȱ TTGȱ (tonalite,ȱ
trondhjemite,ȱgranodiorite)ȱseriesȱorȱtheȱplagiograniteȱinȱophioliticȱsuites,ȱtheȱspecificȱ
namesȱshouldȱbeȱusedȱ(i.e.ȱtrondhjemiteȱandȱplagiogranite).ȱȱ
III.6.2.2.ȱ Comparisonȱ withȱ experimentallyȱ calculatedȱ meltȱ compositionsȱ andȱ
interpretationȱofȱtheȱsourceȱandȱevolutionȱofȱtheȱalbititicȱmeltȱcompositionȱ
Theȱobtainedȱdataȱallowȱforȱtheȱfirstȱtimeȱinȱtheȱstudyȱofȱalbitite,ȱtoȱcompareȱ
theȱ compositionȱ ofȱnaturallyȱ formedȱmeltsȱ ofȱ albititicȱ compositionȱwithȱ alreadyȱ
publishedȱexperimentalȱ calculationsȱofȱ similarȱmeltȱ compositions.ȱTheȱFigureȱ21ȱ
showsȱ aȱ comparisonȱ ofȱ theȱ majorȱ elementȱ compositionȱ ofȱ theȱ SMIȱ withȱ theȱ
compositionsȱ ofȱ meltsȱ producedȱ byȱ experimentalȱ partialȱ meltingȱ ofȱ variousȱ
lithologies,ȱ suchȱ asȱ micaȬrichȱ metasedimentsȱ (greywacke,ȱ pelitesȱ ofȱ maficȱ andȱ
felsicȱderivation),ȱamphibolite,ȱquartzȱamphiboliteȱandȱ calcȬalkalineȱgranite.ȱTheȱ
compositionȱofȱtheȱSMIȱclearlyȱoverlapsȱwithȱtheȱcompositionsȱofȱtheȱexperimentalȱ
meltsȱformedȱbyȱdehydrationȱmeltingȱofȱmicaȬrichȱrockȱsourcesȱsuchȱasȱgreywackeȱ
orȱpeliteȱ (Figs.ȱ21A,ȱ21Bȱandȱ21C).ȱConversely,ȱ theȱcompositionȱofȱ theȱSMIȱdoesȱ
notȱmatchȱwithȱmeltsȱformedȱbyȱmeltingȱofȱamphiboliteȱ(asȱmostȱofȱtrondhjemiticȱ
rocksȱdo)ȱorȱcalcȬalkalineȱigneousȱrocksȱ(Fig.ȱ21Dȱandȱ21E).ȱTheȱalbititicȱmeltȱandȱ
theȱmicaȬrichȱrockȱ(greywackeȱandȱpelite)ȱȬderivedȱmeltsȱalsoȱcoincideȱinȱthatȱtheyȱ
areȱhighlyȱenrichedȱ inȱsilica,ȱwithȱupȱ toȱ70ȱwt%ȱofȱSiO2.ȱOnȱ respectȱ toȱ theȱ rocksȱ
thatȱtheseȱmeltsȱproduceȱafterȱcrystallizing,ȱperaluminousȱleucograniteȱisȱtheȱonlyȱ
rockȱ derivedȱ fromȱ theȱ anatexisȱ ofȱ theȱ peliteȱ andȱ greywackeȱ thatȱ showsȱ similarȱ
compositionsȱandȱasȱhighȱsilicaȱcontentȱasȱ theȱmeltȱ fromȱwhichȱ theyȱcrystallizedȱ
(Fig.ȱ21F).ȱTherefore,ȱthisȱrockȱisȱconsideredȱasȱproductȱofȱcrustalȱanatexisȱwithoutȱ
anyȱ participationȱ byȱ hybridation,ȱ assimilationȱ and/orȱ fractionationȱ ofȱ primitiveȱ
maficȱrocks.ȱTheȱalbititeȱ fromȱLaȱBerronaȱalsoȱshowsȱsimilarȱcompositionsȱasȱ theȱ
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meltȱ fromȱ whichȱ itȱ crystallizedȱ withȱ veryȱ similarȱ contentȱ inȱ silicaȱ (Fig.ȱ 10)ȱ
suggestingȱthatȱtheyȱalsoȱformedȱbyȱmeltingȱofȱcrustalȱrocks.ȱInȱaddition,ȱtheȱbulkȱ
rockȱcompositionȱofȱ theȱalbititeȱoverlapsȱwithȱ theȱcompositionsȱofȱperaluminousȱ
leucograniteȱrocksȱ inȱ theȱFigureȱ20Fȱandȱ theyȱareȱdifferentiatedȱonlyȱbyȱ theȱhighȱ
Na/Kȱ ratioȱ inȱ theȱalbitite.ȱAllȱ theȱpatternsȱ showedȱaboveȱareȱ inȱagreementȱwithȱ
crustalȱmeltȱ derivedȱ originȱ forȱ theȱ albititeȱwithȱminor,ȱ ifȱ any,ȱ participationȱ ofȱ
mantleȱmaterial.ȱHowever,ȱandȱdespiteȱnotȱhavingȱbeenȱstudiedȱ inȱdetailȱbyȱ theȱ
authors,ȱ theȱ albititeȱ inȱ theȱ northernȱ OlivenzaȬMonesterioȱ Antiformȱ hasȱ beenȱ
interpretedȱ inȱ theȱ literatureȱ asȱ derivedȱ fromȱ extremeȱ fractionationȱ ofȱ aȱ basalticȱ
magmaȱ(EȬMORBȱandȱNȬMORB,ȱSánchezȬGarcíaȱetȱal.,ȱ2003,ȱ2008,ȱ2010;ȱBellidoȱetȱ
al.,ȱ 2010)ȱorȱpartialȱmeltingȱofȱ aȱ tholeiiticȱgabbroȱ (Etxeberriaȱ etȱ al.,ȱ 2006).ȱTheseȱ
interpretationsȱareȱbasedȱonȱ traceȱelementȱgeochemistryȱ (Bellidoȱetȱal.,ȱ2010),ȱ theȱ
similaritiesȱ onȱ theȱ compositionȱ ofȱ theȱ albititeȱ toȱ theȱ oceanȱ ridgeȱ plagiograniteȱ
compositionȱ (Etxebarriaȱ etȱal.,ȱ2006)ȱandȱ theȱ factȱ thatȱ someȱalbititeȱoutcropsȱareȱ
spatiallyȱ relatedȱ toȱgabbroȱ (Etxebarriaȱetȱal.,ȱ2006).ȱHere,ȱ itȱ isȱsuggestedȱ thatȱ theȱ
overwhelmingȱdifferenceȱinȱvolumeȱofȱtheȱalbititicȱgranitesȱcomparedȱtoȱtheȱbasicȱ
rocksȱinȱtheȱValuengoȱareaȱ(noȱmaficȱdykesȱorȱxenolithsȱhaveȱbeenȱfoundȱinȱtheȱLaȱ
BerronaȱStock,ȱFig.ȱ1)ȱindicatesȱthatȱminorȱmantleȱderivedȱmeltsȱcontributedȱtoȱtheȱ
originȱ ofȱ theseȱ felsicȱ rocks.ȱ Inȱ addition,ȱ theȱ traceȱ elementȱ compositionsȱ showȱ
similarȱpatternsȱasȱtheȱcrustalȱrocksȱ(Fig.12)ȱasȱwellȱasȱtheȱREEȱpatternsȱsuggestingȱ
noȱmantleȱcontribution.ȱTheȱpreliminaryȱ isotopicȱdataȱalsoȱconfirmȱ theȱrestrictedȱ
contributionȱofȱmaficȱmagmaȱinȱtheȱformationȱofȱtheȱrock.ȱ
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Figureȱ 21.ȱ (Aȱ toȱ E)ȱ Compositionȱ ofȱ igneousȱ meltsȱ generatedȱ duringȱ theȱ
experimentalȱ anatexisȱ ofȱ variousȱ sourceȱ rocksȱ (fromȱ Patiñoȱ Douce,ȱ
1999ȱ andȱ referencesȱ therein).ȱ Theȱ compositionȱ ofȱ theȱ SMIȱ atȱ Laȱ
Berronaȱ isȱ plottedȱ withȱ theȱ resultsȱ ofȱ theȱ experimentallyȱ obtainedȱ
melts.ȱ Allȱ theȱ valuesȱ areȱ inȱ wt%.ȱ (F)ȱ Bulkȱ rockȱ compositionȱ ofȱ
peraluminousȱ andȱ SȬtypeȱ graniteȱ rocksȱ comparedȱ toȱ theȱ bulkȱ
compositionȱofȱtheȱalbititeȱfromȱValuengo.ȱTheȱ linesȱrepresentȱtrendsȱ
ofȱhybridationȱofȱaȱmaficȱmeltȱwithȱaȱmetapeliteȱatȱlowȱ(Pǂȱ5ȱkbar)ȱandȱ
highȱ (Pǃ12Ȭ15ȱkbar)ȱpressuresȱ (fromȱPatiñoȱDouce,ȱ1999).ȱ (G)ȱAlbiteȬ
orthoclaseȬanorthiteȱ triangularȱ systemȱ showingȱ theȱ graniteȱ
classificationȱ ofȱ Bakerȱ (1979),ȱ andȱ theȱ compositionsȱ ofȱ trondhjemiteȱ
sourceȱ meltsȱ andȱ peraluminousȱ leucograniteȱ meltsȱ (allȱ theȱ
experimentalȱ dataȱ areȱ takenȱ fromȱ Rappȱ etȱ al.,ȱ 1991ȱ exceptȱ forȱ theȱ
experimentalȱH2OȱfluxingȱmeltȱdataȱwhichȱareȱtakenȱfromȱPatiñoȱandȱ
Harris,ȱ1998).ȱNoteȱthatȱtheȱalbititeȱmeltȱcompositionsȱfromȱthisȱstudyȱ
areȱ muchȱ moreȱ enrichedȱ inȱ albiteȱ componentȱ thanȱ theȱ restȱ ofȱ
experimentalȱmelts.ȱȱ
III.6.2.3.ȱWhyȱrichȱinȱalbiteȱplagioclase?ȱ
Theȱ originȱ ofȱ theȱ highȱNa2O/K2Oȱ ratioȱ thatȱ controlsȱ theȱ formationȱ ofȱ theȱ
albititeȱandȱthatȱmakesȱ itȱsoȱuncommonȱremainsȱunresolved.ȱTheȱSMIȱdataȱshowȱ
thatȱ theȱ albititeȱmeltȱ isȱ evenȱmoreȱ enrichedȱ inȱ theȱ albiteȱ componentȱ thanȱ theȱ
experimentallyȱ obtainedȱ peraluminousȱ leucograniteȱ andȱ trondhjemiticȱ meltsȱ
derivedȱbyȱdehydrationȱmeltingȱofȱpeliteȱandȱamphibolite,ȱrespectivelyȱ(Fig.ȱ21G).ȱȱ
SeveralȱauthorsȱhaveȱdemonstratedȱthatȱtheȱadditionȱofȱFȱandȱLiȱ toȱaȱmeltȱ
lowersȱ theȱ solidusȱ temperatureȱ ofȱ theȱhaplograniteȱ (AbȬAnȬOr)ȱ system,ȱ shiftingȱ
theȱ ternaryȱminimumȱ towardsȱ theȱalbiteȱsideȱ (Glyukȱetȱal.,ȱ1980;ȱManning,ȱ1981;ȱ
Schwartz,ȱ 1992).ȱ Fluorineȱ cannotȱ beȱ analyzedȱwithȱLAȬICPMSȱ andȱLiȱ isȱ alwaysȱ
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belowȱtheȱlimitȱofȱdetectionȱinȱtheȱSMIȱsoȱisȱdifficultȱtoȱknowȱifȱtheseȱelementsȱareȱ
enrichedȱinȱtheȱalbititicȱmelt.ȱHowever,ȱthereȱisȱnoȱfluorite,ȱlepidoliteȱorȱotherȱFȱ–ȱ
Liȱ bearingȱ accessoryȱ mineralsȱ inȱ theȱ rock,ȱ althoughȱ inȱ someȱ mineralizationsȱ
nearbyȱ (e.g.ȱ Elȱ Soldadoȱ mine,ȱ Tornosȱ etȱ al.,ȱ 2004)ȱ thereȱ isȱ abundantȱ fluoriteȱ
intergrownȱ withȱ theȱ magnetite.ȱ Elȱ Soldadoȱ isȱ aȱ replaciveȱ depositȱ onȱ Earlyȱ
Cambrianȱ limestoneȱ andȱ aȱ suitableȱ placeȱ forȱ theȱ formationȱ ofȱ fluorite,ȱ thusȱ
suggestingȱ theȱ abundanceȱ ofȱ Fȱ inȱ theȱ magmaticȱ systemȱ thatȱ wouldȱ favorȱ theȱ
formationȱofȱalbiteȱoverȱKȬfeldsparȱorȱmoreȱCaȬrichȱplagioclase.ȱ
Aȱ highȱ Clȱ contentȱ inȱ theȱ meltȱ couldȱ alsoȱ haveȱ causedȱ preferentialȱ
fractionationȱofȱpotassiumȱ inȱ theȱmagmaticȬhydrothermalȱ fluidsȱ releasedȱduringȱ
fluidȱ saturationȱ relatedȱ toȱ boilingȱ duringȱ crystallizationȱ causingȱ enrichmentȱ inȱ
sodiumȱ(BurnhamȱandȱNekvasil,ȱ1986).ȱInȱthisȱcase,ȱKȱwouldȱhaveȱprecipitatedȱasȱ
KȬȱfeldsparȱlaterȱinȱveinsȱorȱasȱpotassicȱalterationȱaroundȱtheȱintrusive,ȱsomethingȱ
thatȱhasȱnotȱbeenȱobservedȱinȱtheȱalbitite.ȱ
Anotherȱpossibleȱprocessȱ isȱ theȱmeltingȱunderȱwaterȱ richȱ conditions.ȱTheȱ
presenceȱ ofȱ H2Oȱ lowersȱ theȱ solidusȱ temperatureȱ ofȱ plagioclaseȱ andȱ quartzȱ
inducingȱ theȱpartialȱmeltingȱ ofȱ theȱ rockȱ atȱ lowerȱ temperaturesȱ thanȱ ifȱ itȱwouldȱ
haveȱmeltedȱbyȱincongruentȱbreakdownȱofȱmicasȱatȱhigherȱtemperaturesȱ(Conradȱ
etȱ al.,ȱ 1988;ȱ PatiñoȱDouceȱ andȱ Beard,ȱ 1995;ȱ PatiñoȱDouce,ȱ 1996;ȱ Iwamori,ȱ 1997;ȱ
Winter,ȱ 2010).ȱ Theȱ experimentsȱ ofȱ Patiñoȱ Douceȱ andȱ Beardȱ (1995)ȱ andȱ Patiñoȱ
Douce,ȱ (1996)ȱ showȱ thatȱ theȱ proportionȱ ofȱNa2O,ȱ CaOȱ andȱ K2Oȱ (theȱ firstȱ twoȱ
hostedȱ byȱ theȱ plagioclaseȱ andȱ theȱ laterȱ byȱ theȱ micasȱ andȱ Kȱ feldspar)ȱ inȱ theȱ
producedȱmeltȱwillȱdependȱnotȱonȱonlyȱonȱtheȱsourceȱrockȱcompositionȱbutȱalsoȱonȱ
theȱH2Oȱcontentȱandȱfluidȱpressureȱconditions.ȱIfȱtheȱpressureȱisȱsufficientlyȱhighȱ
toȱ stabilizeȱ garnetȱ asȱ residue,ȱ theȱ generatedȱ meltȱ producedȱ underȱ H2Oȱ richȱ
conditionȱ (1ȱ –ȱ 2ȱ wt%ȱ ȱ water)ȱ becomesȱ enrichedȱ inȱ theȱ albiteȱ componentȱ andȱ
depletedȱ inȱanorthiteȱbecauseȱCaȱstaysȱ inȱ theȱgrossularȱgarnet.ȱFurthermoreȱK2Oȱ
wouldȱbeȱalsoȱdepletedȱinȱtheȱmeltȱbecauseȱmicasȱareȱstableȱinȱtheȱresidueȱ(Patiñoȱ
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Douce,ȱ1996;ȱPatiñoȱDouceȱandȱHarris,ȱ1998;ȱWinter,ȱ2010),ȱfavoringȱtheȱformationȱ
ofȱmeltsȱwithȱhighȱNa/(Na+K)ȱ ratiosȱ inȱadditionȱ toȱ theȱpresenceȱofȱvolatilesȱandȱ
CO2.ȱInȱaddition,ȱexperimentallyȱcalculatedȱmeltsȱformedȱbyȱtheȱdryȱmeltingȱofȱaȱ
metapeliteȱhaveȱRb/Srȱ ratiosȱ ofȱ >ȱ 5ȱwhereasȱ inȱwaterȬrichȱmeltsȱ theȱ ratioȱ isȱ <ȱ 2ȱ
(Harrisȱetȱal.,ȱ1993),ȱconsistentȱwithȱtheȱcompositionȱofȱtheȱalbititeȱinȱLaȱBerrona,ȱ
withȱaȱRb/Srȱratioȱofȱ0.04.ȱȱ
However,ȱdespiteȱtheȱwaterȱsaturatedȱtheoryȱisȱplausibleȱtoȱexplainȱtheȱhighȱ
Na2Oȱcontentȱinȱtheȱalbititicȱmelt,ȱmoreȱparametersȱareȱnecessaryȱtoȱknowȱsuchȱasȱ
theȱpressureȱatȱwhichȱitȱwasȱformed,ȱtheȱwaterȱcontentȱinȱtheȱmeltȱinclusionsȱandȱ
theȱ potentialȱ residualȱ assemblageȱ inȱ theȱ commencementȱ ofȱ theȱ crustalȱ anatexisȱ
process.ȱTakingȱ thisȱ inȱaccount,ȱourȱ favoriteȱmodelȱ involvesȱ theȱwaterȬsaturatedȱ
partialȱmeltingȱofȱFȬ,ȱandȱperhapsȱCO2,ȱbearingȱsedimentsȱduringȱtheȱhighȱT/lowȱPȱ
metamorphism.ȱTheȱgeneratedȱmeltsȱareȱexpectedȱ toȱbeȱsilicaȬrichȱandȱwithȱhighȱ
Na/Kȱ ratios.ȱ Theȱ likelyȱ candidatesȱ toȱ representȱ theȱ meltedȱ protolithȱ areȱ theȱ
chemicalȱsedimentsȱ interbeddedȱwithȱsiliciclasticȱsediments,ȱ ironȱ formationsȱandȱ
limestoneȱofȱtheȱEarlyȱtoȱMidȱCambrianȱsequence.ȱȱ
III.6.3.ȱSilicateȱmeltȱ–ȱironȱoxideȱimmiscibilityȱ
Theȱ existenceȱofȱ anȱ immiscibilityȱ fieldȱbetweenȱ anȱ ironȱoxideȱmeltȱ andȱ aȱ
silicateȱmeltȱhasȱbeenȱsupportedȱbyȱaȱ largeȱnumberȱofȱexperimentalȱworksȱsinceȱ
Roedderȱ inȱ1951ȱdelimitedȱaȱ twoȱ liquidȱ fieldȱ inȱ theȱsilicaȬrichȱregionȱofȱ theȱK2OȬ
Al2O3ȬFeOȬSiO2ȱ system.ȱ Experimentalȱ studiesȱ haveȱ demonstratedȱ thatȱ ironȱ isȱ
dissolvedȱ inȱ theȱ silicateȱmeltȱ atȱ highȱ temperaturesȱ butȱ atȱ lowȱ temperaturesȱ anȱ
immiscibleȱ Feȱ oxideȱ richȱ phaseȱ canȱ separateȱ fromȱ itȱ (Phillpots,ȱ 1967;ȱNaslund,ȱ
1983).ȱHowever,ȱ andȱ despiteȱ theȱ considerableȱ numberȱ ofȱ papersȱ onȱ thisȱ topicȱ
(Tableȱ8),ȱdescriptionsȱofȱdirectȱobservationȱofȱcoexistingȱ immiscibleȱsilicateȱmeltȱ
andȱ Feȱ oxideȱ meltsȱ areȱ rare.ȱ Huraiȱ etȱ al.ȱ (1998)ȱ foundȱ primaryȱ inclusionsȱ ofȱ
coexistingȱimmiscibleȱFeȱoxideȱmeltȱandȱsilicateȱmeltȱinȱtheȱcoreȱofȱzirconȱcrystalsȱ
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inȱPlioceneȱtoȱPleistoceneȱalkaliȱbasaltȱofȱtheȱWesternȱCarpathians.ȱNaumovȱetȱal.ȱ
(1993)ȱ alsoȱ foundȱ Feȱ oxideȱ globulesȱ coexistingȱ withȱ rhyoliteȱ glassȱ inȱ quartzȱ
phenocrystsȱ ofȱ anȱ ignimbriteȱ inȱ centralȱ Slovakia.ȱ Inȱ addition,ȱ Marklȱ (2001)ȱ
observedȱmacroscopicallyȱ visibleȱ evidencesȱ ofȱ liquidȱ immiscibilityȱ betweenȱ FeȬ
MnȬNbȬREEȬrichȱ andȱ NaȬAlȬrichȱ meltsȱ inȱ agpaiticȱ dykesȱ inȱ theȱ Ilimaussaqȱ
intrusiveȱ complexȱ (SouthȱGreenland).ȱ Spheresȱ ofȱ aȱ FeȬTiȬPȱ oxideȬrichȱ phaseȱ inȱ
rhyoliticȱglassȱ fromȱaȱsubvolcanicȱmagmaȱchamberȱwereȱalsoȱdescribedȱbyȱClarkȱ
andȱKontakȱ (2004)ȱ inȱ theȱCenozoicȱAntatutaȱComplexȱ inȱPeru.ȱAtȱaȱ largerȱscale,ȱ
fieldȱ evidencesȱofȱ crystallizationȱofȱ aȱFeȱoxideȱmeltȱhaveȱbeenȱ addressedȱ inȱ theȱ
magnetiteȬapatiteȱdepositsȱ suchȱ asȱElȱLacoȱ inȱChileȱ (Park,ȱ 1961;ȱNaslundȱ etȱ al.,ȱ
2003;ȱ Tornosȱ etȱ al.,ȱ 2011)ȱ andȱ theȱ Kirunaȱ depositȱ inȱ Swedenȱ (Nyströmȱ andȱ
Henriquez,ȱ 1994),ȱ amongȱ others.ȱ However,ȱ andȱ evenȱ thoughȱ theseȱ areȱ wellȱ
studiedȱ deposits,ȱ thereȱ isȱ stillȱ significantȱ controversyȱ aboutȱ theȱ realȱmagmaticȱ
originȱ ofȱ theseȱ magnetiteȬapatiteȱ depositsȱ (e.g.,ȱ Naslund,ȱ 2004).ȱ Furthermore,ȱ
magnetiteȬȱ ilmenite/TiȬrichȱmagnetiteȬapatiteȱ rocksȱ knownȱ asȱ nelsoniteȱ areȱ alsoȱ
consideredȱ asȱ theȱ productsȱ ofȱ theȱ directȱ crystallizationȱ ofȱ FeȬTiȬPȱ oxideȱmeltsȱ
separatedȱ fromȱ aȱ silicateȱ richȱ magmaȱ orȱ ofȱ extremeȱ fractionalȱ crystallizationȱ
(Philppots,ȱ 1967;ȱKolker,ȱ 1982;ȱ Bartonȱ andȱ Johnson,ȱ 1996;ȱNaslundȱ etȱ al.,ȱ 2002;ȱ
ClarkȱandȱKontak,ȱ2004).ȱ
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Tableȱ8.ȱSummaryȱofȱtheȱmostȱrelevantȱreferencesȱaboutȱexperimentalȱandȱnaturalȱ
References Experimental evidences 
Roedder, 1951 Delimitation of an extensive two - liquid field in the silica - rich region of the system K2O - 
Al2O3 - FeO - SiO2 at relatively low temperatures (1170ºC)
Gibbon and Tuttle, 1967 Delimitation of the two - liquid-vapor - FeOx field in the hydrous system FeO - Fe2O3 -
SiO2 - H2O at 1120 ºC/2 kbar
Philpotts, 1967 ; Naslund, 1983 Evidence of immiscible separation of Fe - Ti - P melts from silicate rich liquids. Fe 
dissolves readily in silica - rich melts at high temperatures and upon cooling, immiscible 
silica rich and Fe rich liquids will separate. 
Watson, 1976 P is strongly partitioned into Fe oxide melt at 1180 ºC in the system K2O - Al2O3 - FeO - 
SiO2 - P2O5
Freestone, 1978 The immiscibility  field of Roedder (1951) is expanded with small added amounts of TiO2
and P2O5
Visser and Kosler van Gross, 1979 The extent of immiscibility is enhanced with increasing the pressure and concentration 
of P2O5 at elevated temperatures
Roedder, 1979; Philpotts, 1982; 
Philpotts and Doyle, 1983
Immiscibility separation occurs between melts of ferropyroxenite composition (25- 40 
%wt FeOtot, 35-45 %wt SiO2) and plagiogranite (71 - 79 wt% SiO2)
Philpotts, 1982 Delimitation of a immiscible two - liquid field on the basis of natural igneous suites in the 
system Na2O - K2O - Al2O3 - MgO - FeO - MnO - TiO2 - CaO - P2O5 - SiO2
Weidner, 1982 Syntesis of Fe oxide melts under CO2 saturated conditions in the system Fe - O - C at 
temperatures of  ~850 ºC
Naslund, 1983; Naslund et al., 2002 Type I immiscibility / tholeiitic basalt. Oxigen fugacity has a strong effect on liquid 
immiscibility in iron rich silicate melts
Larocque et al., 2000 There is a continuum between FeS liquids and Fe - S - O liquids that are immiscible with 
silicate melts. They are characerized by high Fe and low Ti.
Lester, 2002 The addition of volatiles (CO2, H2O, P, F or SO3) to the system lowers the temperature 
of the iron rich melts to temperatures lower than 1200 ºC
References Natural evidences
Park, 1961; Frietsch, 1978; 
Nystroem and Henriquez, 1994; 
Naslund, 2002
Field evidences of direct crystallization of an iron oxide melt forming the magmatic 
magnetite bearing Iron Oxide Copper and Gold (IOCG) ore deposits (e.g. El Laco)
Roedder and Weiblen, 1970, 1971 Evidence of immiscibility  in the residual glasses of many lunar rocks and in some 
terrestial basalts
Philpotts,1976,1982 Occurrence of immiscible Fe oxide glasses (iron rich spheres) enclosed by silica rich 
glasses in the mesostasis of tholeiitic basalts
Lundberg and Smellie, 1979 The Kiruna type iron ores (Sweden) are the result of Fe oxide - silicate melt immiscibility 
aided by a high volatile content
Naumov et al., 1993 Description of melt inclusions from quartz phenocrystals of ignimbrites with Fe oxide 
globules coexisting with rhyolite glass
Nystroem, 1994; Naslund et al., 
2002
Kiruna type magnetite deposits are products of crystallization of Fe oxide dominated 
melts or magmas
Hurai et al., 1998 Observation of globules of Fe dominated (59-69 wt% FeOtot) and Ti dominated (43.5 
wt% TiO2) oxide melts in igneous xenolites from Pliocene to Pleistocene alkali basalts of 
the Western Carpathians
Markl, 2001 Macroscopically visible liquid immiscibility between an Fe - Mn - Nb - REE rich and a Na -
Al - rich melt in the Ilimaussaq complex, South Greenland
Clark and Kontak, 2004 Fe - Ti - P melt formation by magma mixing in the Antauta Subvolcanic center (Peru). 
They are associated to Nelsonite and hydrothermal magnetite deposit formation
Lledó, 2005 Even P2O5 poor andesitic magmas generate immiscible Fe - P oxide melts
Hydrous (10 -20 % H2O) Fe oxide and Ti oxide liquid is exolved from trachybasalt-to 
rhyolite melts during fractionation of the parental alkali basalt over the temperature range 
of 1180-900 ºC
Chen et al., 2010 The  Marcona  magnetite deposit (Peru) is related to immiscibility between  P  -rich and 
Fe oxide - rich liquids
Tornos et al., 2011 Melt inclusions in plagioclase phenocrysts from El Laco reflect a complex crustal mixing 
process between a mafic magma a a silica-rich component that promoted the 
separation of the iron-rich melt
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evidencesȱforȱtheȱexistenceȱofȱanȱironȱ(titaniumȱ–ȱphosphorous)ȱoxideȱ
meltȱphase.ȱ
Itȱhasȱbeenȱdemonstratedȱ inȱtheȱpreviousȱsectionsȱthatȱtheȱIOBȱ(ironȱoxideȱ
blebs)ȱ representȱ trueȱ dropletsȱ ofȱ anȱ immiscibleȱ FeȬTiȬPȱ oxideȱ phaseȱ andȱ notȱ
magnetiteȱ occurringȱ asȱ accessoryȱmineralȱ inȱ theȱ albitite.ȱ Theirȱ closeȱ associationȱ
withȱ theȱSMIȱ inȱsomeȱphenocrystsȱshowȱ thatȱ theȱmeltȱsaturatedȱ inȱ ironȱoxideȱatȱ
someȱstageȱduringȱcooling.ȱThisȱimmiscibilityȱprobablyȱoccurredȱinȱseveralȱsteps,ȱ
fromȱtheȱexsolutionȱofȱsmallȱFeȱoxideȱdropletsȱinȱtheȱSMIȱ(Fig.ȱ6Bȱandȱ6C)ȱtoȱtheȱ
almostȱcompleteȱexolutionȱofȱtheȱironȱoxideȱphaseȱ(Fig.ȱ6Eȱandȱ6F).ȱ
ȱTheȱ presenceȱ ofȱ bothȱ IOBȱ andȱ magnetiteȱ inȱ theȱ meltȱ andȱ theȱ laterȱ
exsolutionȱ ofȱ FeȬrichȱ fluidsȱ suggestȱ thatȱ theȱ formationȱ ofȱ FeȬrichȱ phasesȱ inȱ theȱ
systemȱwasȱcontrolledȱbyȱepisodicȱeventsȱofȱsaturationȬsupersaturation.ȱFirst,ȱtheȱ
earlyȱ separationȱ ofȱ anȱ immiscibleȱ FeȬPȬTiȱmeltȱ droppedȱ theȱ Feȱ contentȱ ofȱ theȱ
silicateȱmeltȱthatȱdidȱnotȱattainȱsaturationȱuntilȱtheȱlateȱcrystallizationȱofȱaccessoryȱ
magnetiteȱinȱtheȱgroundmass.ȱHowever,ȱtheȱsystemȱkeptȱenoughȱFeȱinȱtheȱmeltȱtoȱ
beȱ ableȱ toȱ exsolveȱ itȱ inȱ theȱ magmaticȬhydrothermalȱ fluidȱ toȱ produceȱ theȱ Laȱ
Berronaȱoreȱdeposit.ȱThisȱcomplexȱandȱunusualȱprocessȱwasȱprobablyȱfavoredȱbyȱ
theȱabsenceȱofȱFeȬrichȱphasesȱinȱtheȱalbitite[C1].ȱ
ȱȱUnfortunately,ȱonlyȱ12ȱ IOBȱwereȱ found,ȱ fromȱwhichȱonlyȱ sixȱLAȬICPMSȱ
signalsȱ(i.e.ȱ individualȱIOBȱanalyses)ȱwereȱgoodȱenoughȱtoȱbeȱreliable.ȱTherefore,ȱ
theȱ aimȱ ofȱ thisȱ sectionȱ isȱ toȱ remarkȱ theȱ existenceȱ ofȱ anȱ immiscibleȱ oxideȱphaseȱ
coexistingȱ withȱ theȱ albititeȱ silicaȱ richȱ meltȱ asȱ wellȱ asȱ toȱ makeȱ aȱ preliminaryȱ
approximationȱ toȱ theȱcompositionȱofȱ theȱoxideȱphase.ȱMoreȱanalysesȱareȱneededȱ
forȱ aȱ moreȱ thoughtfulȱ interpretationȱ ofȱ theirȱ geochemistryȱ andȱ formationȱ
processes.ȱ
InȱtheȱFigureȱ22,ȱtheȱIOBȱanalysesȱareȱplottedȱalongȱwithȱtheȱcompositionȱofȱ
theȱ accessoryȱ magnetiteȱ inȱ theȱ albitite,ȱ theȱ magnetiteȱ inȱ theȱ magmaticȬ
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hydrothermalȱbrecciaȱandȱ theȱmagnetiteȱoreȱasȱ itȱhasȱbeenȱalreadyȱshownȱ inȱ theȱ
Figureȱ15.ȱTheȱ figureȱnowȱ includesȱ theȱcompositionsȱofȱ theȱSMIȱandȱ theȱalbititeȱ
bulkȱrock.ȱAsȱ inȱ theȱFigureȱ15,ȱdifferentȱgroupsȱcanȱbeȱclearlyȱdistinguished;ȱ theȱ
IOBȱ showȱ muchȱ higherȱ Tiȱ andȱ Feȱ concentrationsȱ andȱ slightlyȱ higherȱ
concentrationsȱ inȱ Pȱ thanȱ theȱ otherȱ samples.ȱ Conversely,ȱ theȱ hydrothermalȱ oreȱ
magnetiteȱshowsȱtheȱlowestȱcontentȱinȱPȱandȱTi,ȱwhileȱtheȱaccessoryȱmagnetiteȱhasȱ
intermediateȱcompositions.ȱȱ
Inȱ orderȱ toȱ discussȱ theȱ relationshipsȱ plottedȱ inȱ theȱ Figureȱ 22A,ȱ aȱ
preliminaryȱevolutionaryȱmodelȱisȱproposedȱinȱtheȱFigureȱ22C.ȱAccordingȱtoȱit,ȱaȱ
FeȬTiȬPȱoxideȱphaseȱrepresentedȱbyȱtheȱIOBȱisȱexsolvedȱduringȱtheȱcoolingȱofȱtheȱ
albititeȱmelt.ȱHere,ȱsomeȱelementsȱsuchȱTi,ȱPȱandȱZrȱareȱpartitionedȱintoȱtheȱoxideȱ
phaseȱwhileȱSi,ȱNaȱandȱAlȱremainȱinȱtheȱsilicateȱmelt,ȱasȱitȱhasȱbeenȱshownȱinȱtheȱ
Figureȱ 16.ȱ Watsonȱ (1976)ȱ demonstratedȱ experimentallyȱ thatȱ Pȱ isȱ stronglyȱ
partitionedȱ intoȱ theȱFeȱoxideȱrichȱmeltsȱatȱ1180ȱ ºCȱ inȱ theȱ leuciteȱ Ȭȱ fayaliteȱ Ȭȱsilicaȱ
system.ȱ Inȱ addition,ȱ severalȱ studiesȱ haveȱ demonstratedȱ thatȱ theȱ presenceȱ ofȱ Pȱ
extendsȱ theȱ immiscibilityȱ fieldȱ ofȱ theȱ systemȱ toȱ lowerȱ temperaturesȱ (Visserȱ andȱ
Koslerȱ vanȱGross,ȱ 1979)ȱ andȱ hence,ȱ theȱ presenceȱ ofȱPȱ couldȱ haveȱ triggeredȱ theȱ
immiscibilityȱ ofȱ anȱ ironȱ oxideȱ melt.ȱ Onȱ respectȱ toȱ theȱ existenceȱ ofȱ highȱ Tiȱ
concentrationsȱ inȱ theȱ IOB,ȱ nelsoniteȬlikeȱmelts,ȱmagnetiteȱ cumulatesȱ andȱ someȱ
immiscibleȱoxideȱmeltsȱ (includingȱ theȱexperimentalȱonesȱ fromȱ theȱTableȱ8)ȱhaveȱ
highȱTiȱ contentsȱ thatȱareȱdeterminedȱbyȱ theȱdistributionȱ coefficientȱbetweenȱ theȱ
silicateȱandȱtheȱironȱoxideȱmelt.ȱTheȱoriginȱforȱtheȱhighȱTiȱcontentsȱinȱnelsoniteȱisȱ
eitherȱ relatedȱ toȱ theȱ partialȱ meltingȱ ofȱ highȱ TiȬPȱ crustalȱ rocksȱ orȱ byȱ extremeȱ
fractionalȱcrystallization.ȱConversely,ȱ theȱaccessoryȱmagnetiteȱ inȱ theȱgroundmassȱ
ofȱtheȱalbititeȱisȱformedȱfromȱtheȱresidualȱmeltȱafterȱtheȱironȱoxideȱmeltȱseparation.ȱ
Itsȱ relativelyȱ lowȱTiȱ contentȱ canȱbeȱ explainedȱbyȱdifferentȱmodels,ȱ includingȱ itsȱ
growthȱafterȱtheȱpreferentialȱfractionationȱofȱmostȱofȱtheȱTiȱintoȱtheȱfirstȱseparatedȱ
phase,ȱ theȱ IOB.ȱAlso,ȱ itȱ canȱ beȱ dueȱ toȱ theȱ TȬdependantȱ solubilityȱ ofȱ theȱ Tiȱ inȱ
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magnetiteȱ(SpencerȱandȱLindsley,ȱ1981),ȱwithȱtheȱlateȱmagnetiteȱbeingȱTiȬdepletedȱ
regardingȱ theȱ earlyȱone.ȱHowever,ȱ thisȱmagnetiteȱhasȱ similarȱTiȱ andȱPȱ contentsȱ
thatȱ theȱbulkȱ rockȱ (Fig.ȱ22B)ȱandȱ thereȱ isȱnoȱ freeȱ rutile,ȱsuggestingȱ thatȱ theȱmeltȱ
wasȱ alreadyȱ impoverishedȱ inȱ Tiȱ whenȱ theȱ accessoryȱ magnetiteȱ crystallized.ȱ
Finally,ȱandȱasȱitȱisȱdiscussedȱinȱtheȱnextȱsection,ȱtheȱmagnetiteȱoreȱisȱprecipitatedȱ
fromȱtheȱhydrothermalȱfluids.ȱTheȱlackȱofȱFeȬbearingȱphasesȱinȱtheȱalbititeȱ(exceptȱ
theȱ IOBȱ andȱ theȱ accessoryȱ magnetite)ȱ suggestsȱ thatȱ theȱ bulkȱ ofȱ theȱ ironȱ wasȱ
exsolvedȱwithinȱtheȱaqueousȱfluidȱandȱprecipitatedȱbyȱreplacement.ȱȱ
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Figureȱ22.ȱFeȱvs.ȱTiȱ (A)ȱandȱPȱvs.ȱTiȱ (B)ȱbinaryȱplotsȱ forȱ theȱcompositionsȱofȱ theȱ
IOBȱ(ironȱoxideȱblebs),ȱtheȱalbititeȱbulkȱrockȱcomposition,ȱtheȱaccessoryȱ
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magnetiteȱinȱtheȱgroundmassȱofȱfreshȱalbititeȱ(mtȱacc),ȱtheȱSMIȱ(silicateȱ
meltȱ inclusions),ȱ theȱmagmaticȬhydrothermalȱ brecciaȱ (mtȱ br)ȱ andȱ theȱ
magnetiteȱ fromȱ theȱ Laȱ Berronaȱ ironȱ depositȱ (mtȱ ore).ȱ Theȱ possibleȱ
geneticȱrelationshipsȱbetweenȱtheȱdifferentȱgroupsȱareȱalsoȱshownȱinȱ(C)ȱ
andȱexplainedȱinȱtheȱtext.ȱȱ
III.6.4.ȱTheȱearlyȱmagmaticȬhydrothermalȱstageȱinȱIOCGȱsystems:ȱinsightsȱfromȱ
theȱLaȱBerronaȱdepositȱ
Severalȱmagnetiteȱdepositsȱworldwideȱhaveȱaȱdubiousȱorigin,ȱasȱtheyȱshowȱ
characteristicsȱofȱpurelyȱhydrothermal,ȱpurelyȱmagmaticȱandȱofȱbothȱmagmaticȬ
hydrothermalȱorigins.ȱOnȱtheȱcontrary,ȱmanyȱotherȱdepositsȱareȱunquestionablyȱofȱ
hydrothermalȱorigin,ȱasȱisȱtheȱcaseȱofȱLaȱBerrona.ȱAsȱdescribedȱabove,ȱtheȱpresenceȱ
ofȱ replaciveȱ textures,ȱ theȱ hydrothermalȱ brecciasȱ andȱ theȱ relationshipȱ withȱ
sedimentaryȱrocksȱattestȱthisȱorigin.ȱInȱaddition,ȱthereȱareȱevidencesȱthatȱsuggestȱaȱ
clearȱgeneticȱrelationshipȱbetweenȱtheȱalbititeȱandȱtheȱmagnetiteȱmineralizationȱinȱ
LaȱBerrona,ȱsuchȱas:ȱ
- Theȱcloseȱspatialȱassociationȱbetweenȱtheȱmagnetiteȱorebodyȱandȱtheȱalbititeȱ
stock,ȱwithȱtheȱmagnetiteȱreplacingȱtheȱalbititeȱandȱtheȱhostȱrocks.ȱ
- TheȱpresenceȱofȱmagmaticȬhydrothermalȱbrecciasȱandȱstockworkȬlikeȱ
magnetiteȱmineralizationȱinȱtheȱupperȱpartsȱofȱtheȱintrusion.ȱ
- TheȱpresenceȱofȱmagnetiteȱinȱtheȱgroundmassȱofȱtheȱmagmaticȬ
hydrothermalȱbreccia,ȱsuggestingȱthatȱmagnetiteȱstartedȱtoȱprecipitateȱduringȱtheȱ
earlyȱstagesȱofȱtheȱmagmaticȬhydrothermalȱevolution.ȱȱ
- Theȱpresenceȱofȱhighȱtemperature,ȱCO2Ȭbearing,ȱandȱFeȬrichȱfluidȱinclusionsȱ
inȱtheȱquartzȱphenocrystsȱofȱtheȱalbititeȱasȱwellȱasȱinȱtheȱearlyȱAȬveins.ȱ
- TheȱhighȱFeȱcontentȱinȱtheȱmeltȱevidencedȱinȱbothȱtheȱsilicateȱmeltȱ
inclusionsȱandȱtheȱironȱoxideȱblebs.ȱ
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- TheȱexistenceȱofȱotherȱhydrothermalȱmagnetiteȱdepositsȱinȱtheȱValuengoȱ
areaȱthatȱareȱalwaysȱspatiallyȱrelatedȱtoȱtheȱalbitite.ȱ
Theȱ magmaticȬhydrothermalȱ brecciaȱ andȱ theȱ stockworkȬlikeȱ oreȱ inȱ theȱ
upperȱ partsȱ ofȱ theȱ intrusionȱ areȱ explainedȱ asȱ theȱ productȱ ofȱ magmaticȱ fluidȱ
saturationȱ andȱ exsolutionȱ inȱ aȱ crystallizingȱ magma,ȱ asȱ hasȱ beenȱ intenselyȱ
discussedȱ inȱ theȱ literatureȱ ofȱmagmaticȬȱ hydrothermalȱ depositsȱ (e.g.,ȱ Burnham,ȱ
1979;ȱBurnhamȱ andȱOhmoto,ȱ 1980;ȱHedenquistȱ andȱLowernstern,ȱ 1994;ȱ Studentȱ
andȱ Bodnar,ȱ 2004).ȱ Thereȱ isȱ generalȱ agreementȱ aboutȱ thatȱ inȱ shallowȱ systemsȱ
duringȱ fluidȱ separation,ȱ theȱ fluidȱ pressureȱ overcomesȱ theȱ localȱ rockȱ stress,ȱ
promotingȱ theȱ crackingȱ ofȱ theȱ alreadyȱ crystallizedȱ carapaceȱ andȱ theȱhostȱ rocks.ȱ
Theseȱ fracturedȱ rocksȱ areȱ consideredȱ toȱ beȱ theȱ idealȱ channelwaysȱ forȱ theȱ
circulationȱofȱ theȱhydrothermalȱ fluidsȱ thatȱ leadȱ toȱ theȱsubsequentȱalterationȱandȱ
mineralization.ȱȱ
Theȱsecondȱandȱdominantȱstyleȱofȱmineralizationȱ isȱ theȱbandedȱmagnetiteȱ
thatȱoccursȱreplacingȱbothȱtheȱalbititeȱandȱtheȱhostingȱcalcȬsilicateȱhornfelsȱ inȱtheȱ
Lowerȱ Quarry.ȱ Asȱ itȱ isȱ shownȱ inȱ theȱ Figureȱ 23,ȱ bothȱ typesȱ ofȱ hydrothermalȱ
magnetiteȱhaveȱtheȱsameȱmajorȱandȱtraceȱelementȱcontentsȱandȱareȱrelatedȱtoȱtheȱ
sameȱalbiteȬactinoliteȱalteration,ȱ soȱ itȱ isȱ likelyȱ thatȱ theyȱ formedȱwithinȱ theȱ sameȱ
hydrothermalȱsystem.ȱȱ
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Figureȱ23.ȱMajorȱandȱtraceȱelementȱcomparisonȱbetweenȱtheȱbandedȱmagnetiteȱ(mtȱ
ore)ȱandȱtheȱmagnetiteȱinȱtheȱmagmaticȬhydrothermalȱbrecciasȱ(mtȱbr).ȱ
Experimentalȱ dataȱ indicateȱ thatȱ Feȱ isȱ transportedȱ asȱ FeCl2ȱ complexesȱ inȱ
singleȱ phaseȱ hydrothermalȱ fluidsȱ (Chouȱ andȱ Eugster,ȱ 1977;ȱ Boctorȱ etȱ al,ȱ 1980;ȱ
Frantzȱetȱal.,ȱ1980;ȱSimonȱetȱal.,ȱ2004).ȱChouȱandȱEugsterȱ(1977)ȱproposedȱthatȱtheȱ
solubilityȱofȱmagnetiteȱisȱcontrolledȱbyȱtheȱequilibriumȱ
Fe3O4ȱ+ȱ6HClaqȱ+ȱH2,aqȱ=ȱ3FeCl2,aqȱ+ȱ4H2Oȱȱ
Inȱthisȱsense,ȱexsolvedȱsilicaȬȱandȱ ironȬrichȱrichȱsalineȱfluidsȱreactȱwithȱtheȱ
carbonateȱ hostȱ rockȱ increasingȱ theȱ pHȱ ofȱ theȱ fluidȱ withȱ concomitantȱ
destabilizationȱofȱtheȱironȱchlorideȱcomplexesȱandȱprecipitationȱofȱactinolite,ȱalbiteȱ
andȱmagnetite.ȱȱ
InȱLaȱBerrona,ȱthereȱisȱnotȱclearȱcoexistenceȱbetweenȱtheȱSMIȱandȱtheȱCO2Ȭ
bearingȱ fluidȱ inclusionsȱ (exceptȱ inȱ theȱ suspiciousȱ assemblageȱ ofȱ theȱ Figureȱ 14)ȱ
consistentȱ withȱ theirȱ coetaneousȱ entrapmentȱ inȱ aȱ fluidȱ saturatedȱ scenario.ȱ
However,ȱ theseȱ inclusionsȱ haveȱ highȱ minimumȱ homogenizationȱ temperaturesȱ
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(387±28ºȱandȱ337±2ȱ ºCȱ inȱ theȱphenocrystalsȱandȱAȱveinsȱ respectively)ȱandȱ showȱ
highȱFeȱcontentȱ(1.3ȱ±ȱ0.7ȱwt%ȱinȱtheȱanalyzedȱassemblage).ȱInȱaddition,ȱtheyȱonlyȱ
occurȱbothȱ inȱ theȱphenocrystsȱandȱ inȱ theȱearlyȱAȱveinsȱandȱnotȱ inȱ theȱ lateȱveinsȱ
crosscuttingȱ theȱmineralization.ȱThus,ȱ theseȱCO2Ȭrichȱaqueousȱ inclusionsȱseemȱ toȱ
beȱaȱpotentialȱoreȱformingȱfluidȱofȱmagmaticȬhydrothermalȱderivation.ȱSimonȱetȱal.ȱ
(2004)ȱdemonstratedȱ experimentallyȱ thatȱ theȱvolatileȱ (CO2Ȭbearing)ȱ exsolutionȱatȱ
pressuresȱ closeȱ toȱ theȱ criticalȱ pressureȱ enhancesȱ theȱ capacityȱ ofȱ theȱmagmaticȱ
vaporȱofȱtransportingȱFe,ȱwhichȱwouldȱbeȱinȱagreementȱwithȱtheȱhighȱFeȱcontentȱ
andȱ theȱCO2ȱcontentȱ inȱ theȱvaporȬbearingȱ inclusions.ȱBrineȱ fluidsȱhaveȱbeenȱalsoȱ
proposedȱinȱtheȱliteratureȱasȱsourceȱforȱtheȱironȱinȱIOCGȱsystemsȱ(i.e.ȱBartonȱandȱ
Johnson,ȱ2000).ȱBrineȱ fluidȱ inclusionsȱ inȱ theȱphenocrystsȱandȱAȬtypeȱveinsȱ ȱ inȱLaȱ
Berronaȱareȱclearlyȱsecondaryȱandȱhaveȱhomogenizationȱtemperaturesȱofȱ157ȱ±ȱ7ºȱ
andȱ 152ȱ ±ȱ 15ȱ ºC,ȱ respectively.ȱ Theyȱ areȱ alsoȱ FeȬrich,ȱwithȱ daughterȱ crystalsȱ ofȱ
hematite.ȱTheseȱinclusionsȱalsoȱoccurȱinȱtheȱlateȱveinsȱandȱlateȱquartzȱcavitiesȱthatȱ
postȬdateȱtheȱmineralizationȱsoȱtheirȱroleȱinȱtheȱmagnetiteȱprecipitationȱisȱdubious.ȱȱ
Oneȱofȱtheȱmajorȱpointsȱalreadyȱposedȱinȱtheȱpreviousȱsectionȱisȱifȱthereȱisȱ
anyȱrelationȱbetweenȱtheȱoreȱformingȱfluidsȱandȱtheȱironȱoxideȱphaseȱrepresentedȱ
byȱ theȱ IOB.ȱThereȱareȱ twoȱpossibilitiesȱ toȱ theȱ fluidsȱbeȱenrichedȱ inȱFeȱ (optionsȱ1ȱ
andȱ 2ȱ inȱ theȱ Figureȱ 22C)ȱ duringȱ theȱ meltȬfluidȱ exsolution:ȱ (1)ȱ theȱ magmaticȬ
hydrothermalȱ fluidȱ isȱ exsolvedȱ fromȱ theȱ crystallizingȱ meltȱ andȱ theȱ Feȱ isȱ
partitionedȱ intoȱ theȱ fluidȱphase;ȱ and,ȱ (2)ȱ aȱFeȬpoorȱ fluidȱ interactsȱwithȱ theȱ ironȱ
oxideȱphaseȱenrichedȱinȱFeȱwhichȱfractionatesȱinȱtheȱfluidȱ(inȱtheȱsenseȱofȱNadeau,ȱ
2010).ȱ Inȱ theȱ firstȱ case,ȱ theȱ fluidȱ isȱ enrichedȱ inȱ ironȱ because,ȱ exceptȱ theȱ smallȱ
amountsȱofȱIOBȱandȱtheȱaccessoryȱmagnetite,ȱthereȱisȱnoȱsinkȱforȱironȱinȱtheȱalbititeȱ
andȱmostȱofȱ itȱ fractionatesȱ intoȱ theȱexsolvingȱaqueousȱphase.ȱ Inȱ theȱsecondȱcase,ȱ
theȱ fluidsȱ interactȱwithȱ IOBȱ andȱ theȱ Feȱ isȱpartitionedȱ toȱ theȱ fluidȱphase.ȱ Ifȱ thisȱ
secondȱ caseȱ isȱ considered,ȱ theȱ questionȱ aboutȱ whyȱ theȱ magnetiteȱ isȱ notȱ alsoȱ
enrichedȱ inȱ Tiȱ remainsȱ unresolved,ȱ asȱ theȱ oxideȱ phaseȱ isȱ enrichedȱ inȱ Ti.ȱ Inȱ
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nelsoniteȱtypeȱdeposits,ȱtheȱmagnetiteȱmineralizationȱisȱenrichedȱinȱTiȱandȱPȱasȱitȱ
crystallizesȱdirectlyȱ fromȱaȱFeȬTiȬPȱoxideȱphaseȱsimilarȱ toȱ thatȱofȱ theȱLaȱBerronaȱ
depositȱ (Kolker,ȱ 1982;ȱ Dymekȱ etȱ al.,ȱ 2001).ȱHowever,ȱ theȱmineralizationȱ inȱ Laȱ
Berronaȱ isȱ ofȱ clearȱ hydrothermalȱ originȱ andȱ notȱ enrichedȱ inȱ Tiȱ andȱ Pȱ soȱ theȱ
hydrothermalȱfluidsȱdidȱprobablyȱnotȱinteractȱwithȱtheȱironȱoxideȱphaseȱbeforeȱatȱ
theȱ momentȱ ofȱ theȱ exsolution.ȱ Moreȱ likely,ȱ theȱ Feȱ wasȱ incorporatedȱ inȱ theȱ
hydrothermalȱsystemȱdueȱtoȱitsȱincompatibilityȱinȱtheȱsilicateȱmelt.ȱ
III.6.5.ȱProposedȱgeneticȱmodelȱforȱtheȱalbititeȱandȱtheȱmagnetiteȱmineralizationȱ
ofȱtheȱLaȱBerronaȱareaȱ
TheȱFigureȱ24ȱ showsȱaȱ schematicȱgeneticȱmodelȱ toȱexplainȱ theȱmagmaticȬ
hydrothermalȱsystemȱinȱtheȱLaȱBerronaȱStockȱandȱdepositȱbasedȱonȱtheȱgeological,ȱ
mineralogicalȱandȱmeltȱandȱfluidȱinclusionȱdataȱdocumentedȱinȱthisȱchapter.ȱȱ
StageȱA.ȱTheȱ albititeȱ stockȱprobablyȱ representsȱ aȱ subȬrootedȱ intrusionȱ thatȱwasȱ
emplacedȱparaȬautochthonouslyȱnotȱ farȱ fromȱ itsȱsiteȱofȱgenerationȱandȱascendedȱ
alongȱextensionalȱ structuresȱduringȱ theȱ riftingȱeventȱ inȱ theȱEarlyȱCambrianȬMidȱ
Ordovicianȱ times.ȱTheȱgeochemicalȱ andȱgeologicalȱdataȱ suggestȱ thatȱ theȱ albititeȱ
meltȱgeneratedȱbyȱwaterȬrichȱpartialȱmeltingȱofȱupperȱcrustalȱrocks,ȱlikelyȱshallowȱ
marineȱpelite,ȱcalcȬsilicateȱhornfelsȱandȱFeȬȱandȱvolatileȬrichȱchemicalȱsedimentsȱofȱ
theȱ lateȱNeoproterozoicȱLasȱMayorgasȱFormationȱduringȱaȱhighȱ temperatureȬlowȱ
pressureȱmetamorphism.ȱTheȱhighȱwater,ȱvolatileȱ(F)ȱandȱCO2ȱcontentȱofȱtheȱmeltȱ
isȱinterpretedȱasȱtheȱmainȱreasonȱofȱtheȱincreaseȱinȱtheȱNa/(Na+K+Ca)ȱratioȱofȱtheȱ
generatedȱleucosome.ȱThereȱareȱnoȱevidencesȱofȱtheȱinvolvementȱofȱmaficȱjuvenileȱ
rocksȱ inȱ theȱgenesisȱofȱ theȱalbititeȱwhichȱcompositionȱ isȱcloseȱ toȱthatȱ theȱoriginalȱ
meltȱandȱhasȱnotȱbeenȱaffectedȱbyȱprocessesȱofȱfractionalȱcrystallization.ȱ
Theȱ meltȱ roseȱ upȱ untilȱ theȱ layerȱ ofȱ theȱ Earlyȱ Cambrianȱ limestoneȱ atȱ
relativelyȱshallowȱdepths.ȱTheȱprocessȱinhibitingȱfurtherȱascentȱisȱprobablyȱsimilarȱ
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toȱthatȱdescribedȱbyȱLowensternȱ(2001),ȱi.e.,ȱtheȱinteractionȱofȱtheȱcarbonaticȱrocksȱ
viaȱ assimilationȱ orȱ decarbonatizationȱ (skarnȱ formation)ȱ withȱ theȱ igneousȱ meltȱ
increasesȱ theȱ fluidȱ pressureȱ leadingȱ toȱ supersaturation,ȱ releaseȱ ofȱ magmaticȬ
hydrothermalȱ fluids,ȱ dropȱ ofȱ theȱ solidusȱ temperatureȱ andȱ crystallizationȱ ofȱ theȱ
melt.ȱ Theȱ firstȱ crystallizedȱ andȱ mostȱ externalȱ zoneȱ ofȱ theȱ albititeȱ producedȱ aȱ
carapaceȱofȱcrystallizedȱrockȱinȱtheȱcontactȱwithȱtheȱhostȱrocks,ȱkeepingȱanȱinternalȱ
zoneȱofȱmoltenȱalbititeȱthatȱgraduallyȱcrystallized.ȱȱ
Stageȱ B.ȱDuringȱ theȱ gradualȱ crystallizationȱ ofȱ theȱmelt,ȱ anȱ immiscibleȱ Fe–TiȬPȱ
oxideȱmeltȱ isȱ separatedȱ fromȱ it,ȱ recordedȱbyȱ theȱpresenceȱofȱ theȱ IOBȱ coexistingȱ
withȱ theȱ silicateȱ meltȱ inclusions.ȱ Theȱ proportionȱ ofȱ thisȱ FeȬTiȬPȱ phaseȱ wasȱ
negligibleȱinȱLaȱBerronaȱbutȱprobablyȱmuchȱmoreȱabundantȱinȱotherȱplacesȱsuchȱasȱ
inȱLaȱValera,ȱwhereȱitȱformedȱmassiveȱorebodiesȱofȱmagnetite.ȱ
StageȱC.ȱDuringȱ itsȱcrystallization,ȱ theȱrockȱattainedȱoneȱorȱmoreȱeventsȱofȱ fluidȱ
saturationȱdueȱtoȱsecondaryȱboiling,ȱpromotingȱfluidȱexsolution.ȱDueȱtoȱtheȱnatureȱ
ofȱtheȱmelt,ȱtheȱalbititeȱcouldȱonlyȱsequesterȱsmallȱamountsȱofȱwaterȱinȱtheȱformingȱ
silicatesȱ andȱmostȱ ofȱ theȱ fluidȱ separatedȱ asȱ anȱ immiscibleȱ SiȬȱ andȱ FeȬrichȱCO2Ȭ
bearingȱ aqueousȱ fluid.ȱ Theȱ ironȱ thatȱ wasȱ notȱ incorporatedȱ intoȱ theȱ IOBȱ wasȱ
fractionatedȱ intoȱ theȱ fluidȱdueȱ toȱ itsȱ incompatibleȱnatureȱ inȱ theseȱrocksȱ (withȱnoȱ
FeȬbearingȱphasesȱotherȱthanȱtheȱIOBȱandȱtheȱaccessoryȱmagnetite).ȱItȱ isȱunlikelyȱ
thatȱtheȱFeȱwasȱincorporatedȱinȱtheȱfluidȱviaȱinteractionȱwithȱtheȱFeȬTiȬPȱmelts.ȱȱ
Stageȱ D.ȱ Overpressureȱ relatedȱ toȱ volumeȱ increaseȱ dueȱ toȱ releasingȱ ofȱ theȱ
magmaticȬhydrothermalȱ fluidȱ (andȱ perhapsȱ undetectedȱ fluidȱ phaseȱ separation)ȱ
brokeȱ upȱ theȱ carapaceȱ formingȱ theȱ magmaticȱ hydrothermalȱ brecciasȱ andȱ theȱ
magnetiteȱstockwork.ȱTheseȱrocksȱwereȱaffectedȱbyȱanȱalbiteȬactinoliteȬmagnetiteȱ
hydrothermalȱalteration.ȱInȱtheȱlowerȱzonesȱofȱtheȱsystemȱtheȱdominantȱmagnetiteȱ
mineralizationȱoccurs,ȱformedȱbyȱreplacementȱofȱtheȱcalcȬsilicateȱhornfelsȱandȱtheȱ
albitite.ȱTheȱmagnetiteȱisȱrelatedȱtoȱtheȱcirculationȱofȱtheȱmagmaticȬhydrothermalȱ
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fluidsȱ andȱ hostedȱ byȱ anȱ alterationȱ zoneȱ similarȱ toȱ thatȱ ofȱ theȱ magmaticȬ
hydrothermalȱ brecciasȱ andȱ stockwork,ȱ withȱ albiteȬactinoliteȬmagnetite.ȱ Theȱ
precipitationȱofȱtheȱmagnetiteȱisȱdueȱtoȱtheȱreactionȱofȱtheȱoreȱformingȱfluidsȱwithȱ
theȱ carbonaticȱ rocks,ȱ leadingȱ toȱ anȱ increaseȱ ofȱ theȱ pHȱ ofȱ theȱ fluidȱ andȱ
destabilizationȱofȱtheȱFeȬchlorideȱcomplexes.ȱ
TheȱLaȱBerronaȱ orebodyȱ lacksȱ ofȱ significantȱ contentsȱ ofȱbaseȱmetals.ȱTheȱ
fluidȱandȱmeltȱ inclusionȱdataȱ suggestȱ thatȱ theȱmeltȱandȱ theȱhydrothermalȱ fluidsȱ
transportedȱ negligibleȱCuȱ andȱZn,ȱ inhibitingȱ theȱ formationȱ ofȱ chalcopyriteȱ andȱ
sphalerite.ȱ Theȱ ultimateȱ causeȱ ofȱ theseȱ lowȱ contentsȱwouldȱ beȱ theȱ absenceȱ ofȱ
fractionalȱcrystallizationȱduringȱtheȱformationȱofȱtheȱalbititeȱasȱtheȱCuȬZnȱcontentȱ
wouldȱbeȱinheritedȱdirectlyȱfromȱtheȱsource.ȱDespiteȱitȱtransportedȱappreciableȱPb,ȱ
theȱhighȱPbȱsolubilityȱatȱtemperaturesȱaboveȱ100Ȭ150ºCȱinhibitedȱtheȱformationȱofȱ
galenaȱandȱPbȱwasȱlostȱinȱtheȱsystem.ȱAnotherȱlimitingȱfactorȱforȱtheȱprecipitationȱ
ofȱ sulfidesȱ isȱ theȱ lowȱ amountsȱ ofȱ reducedȱ sulfurȱ inȱ theȱ systemȱ (thereȱ areȱ noȱ
evidencesȱofȱH2Sȱ inȱ theȱalbitite),ȱ theȱseparatedȱ IOBȱhasȱnoȱsulfides,ȱandȱ theȱhostȱ
rocksȱlackȱofȱsignificantȱamountsȱofȱH2S.ȱ
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Figureȱ24.ȱProposedȱgeneticȱmodelȱofȱ theȱmagmaticȬhydrothermalȱsystemȱ inȱ theȱ
Laȱ Berronaȱ Stockȱ areaȱ fromȱ theȱ formationȱ ofȱ theȱ albititeȱ (A)ȱ byȱ
anatexis,ȱthroughȱexsolutionȱofȱaȱFeȱoxideȱphaseȱ(B)ȱtoȱtheȱexsolutionȱ
ofȱ fluidsȱ (C)ȱandȱ formationȱofȱ theȱmagmaticȱhydrothermalȱmagnetiteȱ
depositȱ(D).ȱȱ
ȱ
III.7.ȱConclusionsȱȱ
ȱThisȱ firstȱ studyȱofȱ silicateȱmeltȱ inclusionsȱobservedȱ inȱalbititeȱhasȱprovedȱ
thatȱ thisȱrockȱcanȱbeȱofȱmagmaticȱoriginȱdespiteȱ itȱ isȱcommonlyȱconsideredȱasȱofȱ
metasomaticȱorigin.ȱTheȱLAȬICPMSȱanalysesȱofȱ theȱsilicateȱmeltȱ inclusionsȱshowȱ
Universidad Internacional de Andalucía, 2013 (Lectura en 2012)
ChapterIII:TheLaBerronaalbititeandFeͲoxidemineralization
 
198
similarȱchemicalȱcompositionȱtoȱthatȱofȱtheȱhostȱbulkȱrockȱandȱtheȱtraceȱelementsȱ
haveȱ theȱ compatible/incompatibleȱ behaviorȱ expectedȱ inȱmagmaticȱ systems.ȱ Theȱ
field,ȱpetrographicȱandȱradiogenicȱisotopicȱevidencesȱsupportȱthisȱmagmaticȱoriginȱ
forȱ theȱalbitite.ȱ Ifȱ true,ȱ thisȱmodelȱdemonstratesȱ thatȱnotȱallȱ theȱalbiteȬrichȱ rocksȱ
relatedȱ toȱmagnetiteȱ (IOCG)ȱdepositsȱareȱofȱmetasomaticȱoriginȱbutȱ thatȱsomeȱofȱ
themȱcanȱrepresentȱigneousȱmelts.ȱ
AȱsimpleȱevolutionȱmodelȱisȱproposedȱinȱwhichȱtheȱCambrianȱalbititeȱrockȱ
isȱ formedȱ byȱ partialȱ meltingȱ ofȱ upperȱ crustalȱ rocksȱ withoutȱ aȱ noticeableȱ
contributionȱ ofȱmaficȱmelts.ȱ Theȱ highȱNa/Kȱ ratiosȱ areȱ explainedȱ asȱ dueȱ toȱ theȱ
meltingȱofȱpeliticȱ rocksȱunderȱwaterȬsaturatedȱconditionsȱandȱ inȱ theȱpresenceȱofȱ
fluorineȱ and,ȱ perhaps,ȱ CO2.ȱ Theseȱ rocksȱ areȱ veryȱ similarȱ toȱ thoseȱ reportedȱ byȱ
Carriedoȱ(Ph.D.ȱ inȱprog.)ȱoccurringȱasȱaȱ leucosomeȱ inȱtheȱLasȱMayorgasȱFm.ȱTheȱ
observationȱofȱFeȬTiȬPȬrichȱmeltȱinclusionsȱcoexistingȱwithȱsilicateȱmeltȱinclusionsȱ
suggestȱ theȱ existenceȱ ofȱ anȱ ironȬtitaniumȬphosphorousȱ meltȱ phaseȱ segregatedȱ
fromȱtheȱsilicateȱmelt.ȱȱ
Fluidȱ inclusionsȱ inȱphenocrystsȱandȱearlyȱveinsȱcloseȱtoȱtheȱmineralizationȱ
ofȱ Laȱ Berronaȱ indicateȱ Feȱ richȱ CO2Ȭbearingȱ fluidsȱ thatȱ wereȱ formedȱ atȱ highȱ
temperatures.ȱFeȱbehavedȱ asȱ incompatibleȱ elementȱ andȱ fractionatedȱ toȱ theȱ fluidȱ
phaseȱ duringȱ theȱ exsolutionȱ ofȱ theȱ fluids.ȱ Theȱ lowȱ Tiȱ andȱ Pȱ contentȱ inȱ theȱ
magnetiteȱmineralizationȱsuggestȱthatȱtheȱfluidsȱdidȱnotȱ interactȱwithȱtheȱFeȬTiȬPȱ
richȱoxideȱphase.ȱReactionȱofȱ theȱmagmaticȱ fluidsȱwithȱ theȱhostȱcalcȬsilicateȱandȱ
carbonaticȱ rocksȱ wouldȱ produceȱ aȱ replaciveȱ oreȱ withȱ formationȱ ofȱ anȱ albiteȬ
actinoliteȬmagnetiteȱ rockȱ withȱ manyȱ featuresȱ typicalȱ ofȱ theȱ IOCGȱ styleȱ ofȱ
mineralization.ȱȱ
Theȱ majorȱ outcomesȱ ofȱ thisȱ workȱ are:ȱ (a)ȱ albititeȱ relatedȱ toȱ magnetiteȱ
mineralizationȱcanȱbeȱaȱprimaryȱmagmaticȱrock;ȱ(b)ȱtheȱstudyȱofȱmeltȱinclusionsȱisȱ
criticalȱ forȱ theȱunderstandingȱ ofȱ theȱ genesisȱ ofȱ theseȱunusualȱ rocksȱ andȱ isȱ aȱ keyȱ
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techniqueȱforȱdecipheringȱtheirȱtrueȱorigin;ȱ(c)ȱtheȱalbititeȱmeltsȱcanȱexsolveȱaȱFeȬTiȬ
Pȱ oxideȱ immiscibleȱ phase;ȱ and,ȱ (d)ȱ magmaticȱ albititeȱ canȱ produceȱ magnetiteȱ
mineralizationȱformingȱoreȱdepositsȱsharingȱmanyȱofȱtheȱfeaturesȱofȱtheȱIOCGȱstyleȱȱ
andȱthus,ȱitȱcanȱbeȱanȱimportantȱpointȱforȱourȱunderstandingȱofȱthisȱconflictiveȱstyleȱ
ofȱmineralization.ȱ
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ChapterȱIV:ȱFinalȱConclusionsȱ
ȱTheȱ selectionȱofȱ theȱ intrusionȬrelatedȱSultanaȱCuȬAuȱveinȱdeposit,ȱ theȱLaȱ
Berronaȱ albititeȱ andȱ relatedȱmagnetiteȱmineralizationȱ asȱ subjectȱ ofȱ thisȱ thesisȱ isȱ
productȱofȱanȱextensiveȱevaluationȱofȱtheȱfluidȱandȱmeltȱinclusionȱpotentialȱamongȱ
severalȱ ironȬcopperȬgoldȱoreȱdepositsȱ locatedȱ inȱ theȱOlivenzaȬMonesterioȱBeltȱ inȱ
theȱSWȱSpain.ȱ
ȱTheȱ studyȱ involvedȱ detailedȱ petrography,ȱ includingȱ SEMȬCL,ȱ andȱ
geochemistryȱ ofȱ fluidȱ andȱmeltȱ inclusions.ȱBothȱ fluidȱ andȱmeltȱ inclusionsȱwereȱ
analyzedȱ byȱ LAȬICPMSȱ thatȱ seemsȱ toȱ beȱ theȱ mostȱ powerfulȱ microanalyticalȱ
techniqueȱavailableȱforȱthisȱkindȱofȱanalyses.ȱTwoȱmajorȱunsolvedȱquestionsȱwereȱ
approached:ȱ(1)ȱtheȱoriginȱandȱtemporalȱandȱspatialȱevolutionȱofȱfluidsȱinȱtheȱhighȱ
gradeȬlowȱtonnageȱCuȬAuȱSultanaȱdepositȱand,ȱ(2)ȱtheȱoriginȱofȱtheȱalbititeȱandȱitsȱ
relationshipȱwithȱ theȱassociatedȱ IOCGȬlikeȱmagnetiteȱdepositsȱ inȱ theȱLaȱBerronaȱ
area.ȱ
ȱMagmaticȱ fluidsȱ hadȱ aȱ criticalȱ roleȱ inȱ theȱ fluidȱ evolutionȱ formingȱ theȱ
intrusionȬrelatedȱ SultanaȱCuȬAuȱ veinȱ deposit,ȱ andȱ carriedȱ copperȱ andȱ possiblyȱ
goldȱ toȱ theȱdepositionalȱsiteȱatȱ temperaturesȱaboveȱ450ȱ ºC.ȱTheȱoreȱprecipitationȱ
mechanismȱappearsȱtoȱbeȱrelatedȱtoȱphaseȱseparationȱintoȱbrineȱandȱaȱvaporȱphaseȱ
combinedȱwithȱdecreasingȱtemperatureȱandȱspaceȱopeningȱ inȱtheȱveinȱdueȱtoȱtheȱ
dissolutionȱofȱ theȱquartz.ȱ Inȱ fact,ȱCuȱ concentrationȱdropsȱ fromȱ 700ȱ ΐg/gȱ toȱ lessȱ
thanȱ0.1ȱΐg/gȱinȱtheȱlateȱfluidȱinclusionsȱwithoutȱaȱproportionalȱdecreaseȱinȱtheȱrestȱ
ofȱ theȱ analyzedȱ elements.ȱGoldȱwasȱ laterȱdepositedȱ inȱ fracturesȱofȱ chalcopyrite,ȱ
probablyȱdueȱ toȱ theȱexcessȱofȱsulfurȱ inȱ theȱvaporȱphaseȱ thatȱ transportȱgoldȱafterȱ
theȱCuȱ hadȱ precipitation.ȱ Theȱ roleȱ ofȱmetamorphicȱ fluidsȱ inȱ theȱ oreȱ formationȱ
remainsȱ enigmatic,ȱ butȱ theyȱ couldȱ haveȱ interactedȱwithȱ theȱmagmaticȱ fluidsȱ atȱ
someȱstageȱinȱtheȱevolutionȱofȱtheȱfluids.ȱ
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ȱMeltȱinclusionsȱfoundȱinȱtheȱquartzȱphenocrystalsȱofȱtheȱLaȱBerronaȱalbititeȱ
stockȱ clearlyȱ demonstrateȱ theȱmagmaticȱ originȱ forȱ theȱ rock.ȱ Theȱ resultsȱ ofȱ LAȬ
ICPMSȱ analysesȱ showȱ anȱ albititicȱ compositionȱwithȱ SiO2ȱ (73.2±1.9ȱwt%),ȱNa2Oȱ
(6.8±1.1ȱwt%),ȱK2Oȱ (0.1±0.1ȱwt%)ȱ andȱCaOȱ (0.6±0.4ȱwt%)ȱ asȱmajorȱ elements.ȱ Inȱ
agreementȱ withȱ theȱ compatible/incompatibleȱ behaviorȱ ofȱ traceȱ elementsȱ inȱ
magmaticȱsystems,ȱ theȱelementsȱBa,ȱSr,ȱV,ȱZr,ȱNiȱandȱPȱareȱcompatibleȱwithȱ theȱ
bulkȬmineralogyȱofȱtheȱalbititeȱwhereasȱincompatibleȱelementsȱCu,ȱPb,ȱZn,ȱAsȱandȱ
Moȱremainȱ inȱ theȱresidualȱmeltȱrepresentedȱbyȱ theȱsilicateȱmeltȱ inclusionsȱ inȱ theȱ
albititeȱ rock.ȱ Comparisonȱwithȱ experimentalȱ studiesȱ andȱ isotopicȱ dataȱ suggestȱ
partialȱmeltingȱofȱcrustalȱrocksȱasȱplausibleȱmechanismȱtoȱformȱthisȱalbititicȱmeltȱ
underȱ H2OȬrichȱ conditionsȱ andȱ possibleȱ presenceȱ ofȱ fluorineȱ thatȱ deviateȱ theȱ
eutecticȱofȱtheȱhaplograniteȱsystemȱtoȱtheȱalbiteȱcomponent.ȱQuartzȱphenocrystalsȱ
showȱsomeȱsporadicȱopaqueȱmeltȱinclusionȱofȱFeȬTiȬPȱrichȱcompositionȱsuggestingȱ
theȱexistenceȱofȱanȱ ironȬtitaniumȬphosphorousȱoxideȱmeltȱphaseȱsegregatedȱ fromȱ
theȱsilicateȱmelt.ȱ
ȱTheȱ Laȱ Berronaȱmagnetiteȱmineralizationȱ isȱ ofȱ hydrothermalȱ originȱwithȱ
developmentȱ ofȱ breccia,ȱ aȱ stockworkȱ systemȱ andȱ magnetiteȬalbiteȬactinoliteȱ
replacementȱofȱtheȱhostȱcarbonateȱandȱtheȱalbititeȱrock.ȱAnalyzedȱfluidȱinclusionsȱ
fromȱquartzȱphenocrystalsȱandȱearlyȱquartzȱveinsȱ showȱhighȱ temperatureȱ fluidsȱ
(Thomȱ~350ȱºC)ȱandȱhighȱcontentȱinȱFe,ȱandȱcouldȱthereforeȱbeȱinterpretedȱasȱoreȬ
formingȱfluids.ȱTheȱmagnetiteȱisȱlowȱinȱTiȱandȱP,ȱsuggestingȱthatȱtheȱfluidsȱdidȱnotȱ
interactȱwithȱtheȱimmiscibleȱironȬoxideȱphaseȱrichȱinȱtheseȱelements.ȱ
ȱTheȱmostȱimportantȱcontributionȱofȱthisȱthesisȱtoȱtheȱscientificȱcommunityȱisȱ
theȱ discoveryȱ andȱ firstȱ detailedȱ characterizationȱ ofȱ silicateȱ meltȱ inclusionsȱ inȱ
albititeȱ rocksȱ relatedȱ toȱmagnetiteȱdeposits.ȱThisȱ findingȱsetsȱ theȱbasisȱ forȱaȱnewȱ
researchȱ lineȱ thatȱ linksȱ theȱ pureȱ petrologyȱ ofȱ silicaȬalbiteȬrichȱ rocksȱ andȱ oreȱ
depositȱ studiesȱ involvingȱ potentiallyȱ economicȱ magnetiteȱ (±CuȬ±Au)ȱ
mineralization.
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CapítuloȱIV:ȱConclusionesȱFinalesȱ
ȱ LaȱelecciónȱdeȱlosȱdepósitosȱmineralesȱdeȱCuȬAuȱdeȱSultana,ȱyȱdeȱmagnetitaȱ
deȱ Laȱ Berrona,ȱ asíȱ comoȱ deȱ laȱ rocaȱ albíticaȱ asociadaȱ aȱ esteȱ últimoȱ comoȱ temaȱ
principalȱdeȱestaȱtesisȱesȱproductoȱdeȱunaȱextensaȱevaluaciónȱdelȱpotencialȱdeȱlasȱ
inclusionesȱfluidasȱyȱvítreasȱenȱalgunosȱdepósitosȱdeȱhierroȬcobreȬoroȱsituadosȱaȱloȱ
largoȱdelȱCinturónȱdeȱOlivenzaȬMonesterio,ȱenȱelȱSOȱdeȱEspaña.ȱȱ
ȱ Esteȱestudioȱ seȱbasaȱenȱunaȱpetrografíaȱdetalladaȱdeȱ inclusionesȱ fluidasȱyȱ
vítreasȱ combinadaȱ conȱ imágenesȱdeȱ catodoluminiscenciaȱyȱanálisisȱgeoquímicos.ȱ
Tantoȱ lasȱ inclusionesȱ fluidasȱ comoȱ lasȱ vítreasȱ hanȱ sidoȱ analizadasȱ medianteȱ
ablaciónȱ láserȱ (LAȬICPMS)ȱ queȱ esȱ actualmenteȱ laȱ técnicaȱ microanalíticaȱ másȱ
apropiadaȱparaȱesteȱtipoȱdeȱanálisis.ȱDosȱcuestionesȱimportantesȱhanȱsidoȱtratadasȱ
aȱloȱlargoȱdeȱestaȱtesis:ȱ(1)ȱelȱorigenȱyȱevoluciónȱespacialȱyȱtemporalȱdeȱlosȱfluidosȱ
hidrotermalesȱenȱelȱdepósitoȱdeȱaltaȱleyȬbajoȱtonelajeȱdeȱCuȬAuȱdeȱSultanaȱy,ȱ(2)ȱelȱ
origenȱdeȱrocaȱalbíticaȱ(albitita)ȱyȱsuȱrelaciónȱconȱlosȱdepósitosȱdeȱmagnetitaȱenȱelȱ
áreaȱdeȱLaȱBerrona.ȱȱ
ȱ Losȱ fluidosȱdeȱorigenȱmagmáticoȱrepresentanȱunȱpapelȱ fundamentalȱenȱ laȱ
evoluciónȱ deȱ losȱ fluidosȱ hidrotermalesȱ queȱ dieronȱ lugarȱ alȱ filónȱ deȱ CuȬAuȱ deȱ
Sultanaȱyaȱqueȱsonȱlosȱresponsablesȱdeȱtransportarȱelȱcobreȱyȱposiblementeȱelȱoroȱ
alȱlugarȱdeȱprecipitaciónȱaȱtemperaturasȱporȱencimaȱdeȱlosȱ450ȱºC.ȱLaȱprecipitaciónȱ
deȱlosȱmetalesȱseȱdebeȱprincipalmenteȱaȱunaȱseparaciónȱdeȱesteȱfluidoȱmagmáticoȱ
enȱ unaȱ faseȱminoritariaȱ salinaȱ yȱ otraȱ faseȱmayoritariaȱ deȱ vapor,ȱ juntoȱ conȱ unȱ
descensoȱdeȱtemperaturaȱyȱaperturaȱdeȱespacioȱdebidoȱaȱlaȱsolubilidadȱretrógradaȱ
delȱcuarzo.ȱConsecuentemente,ȱelȱcontenidoȱenȱCuȱdesciendeȱdeȱ700ȱΐg/gȱenȱ lasȱ
inclusionesȱpseudosecundariasȱpreviasȱaȱ laȱprecipitaciónȱdelȱCuȱaȱmenosȱdeȱ0.1ȱ
ΐg/gȱenȱlasȱinclusionesȱsecundariasȱposterioresȱaȱlaȱmineralización,ȱsinȱobservarseȱ
unȱ descensoȱ proporcionalȱ enȱ elȱ restoȱ deȱ elementosȱ analizados.ȱ Elȱ oroȱ fueȱ
depositadoȱ despuésȱ enȱ lasȱ fracturasȱ queȱ cortanȱ laȱ calcopirita,ȱ probablementeȱ
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debidoȱaȱunȱexcesoȱdeȱazufreȱenȱlaȱfaseȱvaporȱqueȱtransportóȱelȱoroȱtrasȱelȱdepósitoȱ
delȱCu.ȱLaȱexistenciaȱyȱelȱpapelȱdeȱlosȱfluidosȱmetamórficosȱenȱlaȱformaciónȱdeȱlaȱ
mineralizaciónȱ quedaȱ sinȱ resolver,ȱ peroȱ esȱ probableȱ queȱ éstosȱ existieranȱ eȱ
interaccionaranȱconȱlosȱfluidosȱmagmáticosȱenȱalgúnȱestadioȱdeȱlaȱevoluciónȱdeȱlosȱ
fluidos.ȱȱ
ȱ Lasȱinclusionesȱvítreasȱhalladasȱenȱlosȱfenocristalesȱdeȱcuarzoȱdeȱlaȱalbititaȱ
deȱ Laȱ Berronaȱ demuestranȱ claramenteȱ elȱ origenȱ magmáticoȱ deȱ estaȱ roca.ȱ Losȱ
resultadoȱdeȱlosȱanálisisȱdeȱLAȬICPMSȱmuestranȱunaȱcomposiciónȱalbíticaȱdeȱSiO2ȱ
(73.2±1.9ȱwt%),ȱNa2Oȱ(6.8±1.1ȱwt%),ȱK2Oȱ(0.1±0.1ȱwt%)ȱyȱCaOȱ(0.6±0.4ȱwt%)ȱcomoȱ
elementosȱmayores.ȱ Enȱ concordanciaȱ conȱ elȱ comportamientoȱ deȱ losȱ elementosȱ
trazaȱenȱ losȱsistemasȱhidrotermales,ȱelementosȱcomoȱelȱBa,ȱSr,ȱV,ȱZr,ȱNiȱyȱPȱsonȱ
compatiblesȱ conȱ laȱ mineralogíaȱ deȱ laȱ albitita,ȱ mientrasȱ queȱ losȱ elementosȱ
incompatiblesȱ comoȱ Cu,ȱ Pb,ȱ Zn,ȱ Asȱ yȱ Moȱ entreȱ otrosȱ permanecenȱ enȱ laȱ faseȱ
fundidaȱ representadaȱporȱ lasȱ inclusionesȱvítreasȱsilicatadas.ȱLaȱcomparaciónȱconȱ
composicionesȱ obtenidasȱ enȱ estudiosȱ experimentalesȱ asíȱ comoȱ losȱ resultadosȱdeȱ
losȱ isótoposȱradiogénicosȱsugierenȱqueȱ laȱrocaȱseȱ formóȱporȱ fusiónȱdeȱ laȱcorteza,ȱ
probablementeȱ bajoȱ condicionesȱ ricasȱ enȱ aguaȱ yȱ enȱ presenciaȱ deȱ F,ȱ losȱ cualesȱ
desviaronȱelȱeutécticoȱdelȱsistemaȱhaciaȱ laȱcomponenteȱalbítica.ȱLosȱ fenocristalesȱ
deȱ cuarzoȱ alberganȱ tambiénȱ glóbulosȱdeȱ composiciónȱ ricaȱ enȱ óxidosȱdeȱ FeȬTiȬPȱ
(IOB,ȱ ironȱ oxideȱ blebs)ȱ queȱ sugierenȱ laȱ existenciaȱ deȱ unaȱ faseȱ fundidaȱ deȱ estaȱ
composiciónȱqueȱfueȱsegregadaȱdelȱfundidoȱsilicatado.ȱȱ
ȱ LaȱmineralizaciónȱdeȱLaȱBerronaȱesȱdeȱorigenȱhidrotermalȱconȱdesarrolloȱdeȱ
brechasȱyȱstockworkȱenȱlaȱparteȱaltaȱdeȱlaȱalbititaȱyȱremplazamientoȱdeȱmagnetitaȬ
albitaȬactinolitaȱ deȱ lasȱ rocasȱ calizasȱ encajantesȱ yȱ deȱ laȱ propiaȱ albitita.ȱ Lasȱ
inclusionesȱfluidasȱanalizadasȱenȱlosȱfenocristalesȱdeȱcuarzoȱdeȱlaȱalbititaȱasíȱcomoȱ
enȱvenasȱtempranasȱindicanȱlaȱexistenciaȱdeȱfluidosȱdeȱaltaȱtemperaturaȱ(Thomȱ~ȱ
350ȱºC)ȱyȱaltosȱcontenidosȱenȱFeȱporȱloȱqueȱseȱpuedenȱinterpretarȱcomoȱformadoresȱ
deȱlaȱmineralización.ȱLaȱmagnetitaȱdeȱlaȱmineralizaciónȱpresentaȱbajoȱcontenidoȱenȱ
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TiȱyȱP,ȱporȱ loȱqueȱposiblemente,ȱ estosȱ fluidosȱnoȱ interaccionaronȱ conȱ laȱ faseȱdeȱ
óxidosȱdeȱhierroȱsegregada,ȱricaȱenȱestosȱelementos.ȱ
ȱ Laȱcontribuciónȱmásȱ importanteȱdeȱestaȱ tesisȱaȱ laȱcomunidadȱcientíficaȱesȱ
quizásȱ elȱ hallazgoȱ yȱ estudioȱdeȱ inclusionesȱ vítreasȱ silicatadasȱ enȱ rocasȱ albíticasȱ
asociadasȱaȱdepósitosȱdeȱmagnetita.ȱEsteȱhallazgoȱsientaȱ lasȱbasesȱparaȱabrirȱunaȱ
nuevaȱlíneaȱdeȱinvestigaciónȱqueȱaúnaȱlaȱpetrologíaȱdeȱrocasȱígneasȱricasȱenȱsíliceȱyȱ
albitaȱyȱ losȱestudiosȱ relacionadosȱconȱyacimientosȱmineralesȱdeȱmagnetitaȱ (±CuȬ
±Au).ȱ
ȱ
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Appendixȱ IA:ȱ SEMȬCLȱ analysisȱ ofȱ hydrothermalȱ
quartz:ȱ Caseȱ historiesȱ inȱ magnetiteȱ –ȱ (±CuȬ±Au)ȱ
depositsȱ
Introductionȱȱ
SEMȬCLȱ (ScanningȱElectronȱMicroscopeȱ ȬȱCathodoluminescence)ȱ isȱaȱusefulȱ
techniqueȱ forȱ theȱ observationȱ ofȱmicrotexturesȱ inȱmineralsȱ thatȱ areȱ notȱ visibleȱ
throughȱ conventionalȱ petrographicȱ microscopyȱ (transmittedȱ light,ȱ TL)ȱ orȱ BSEȱ
(Backscatteredȱelectron)ȱimages.ȱTheȱCLȱhasȱbeenȱusedȱtoȱstudyȱaȱwideȱvarietyȱofȱ
geologicȱ environmentsȱ suchȱ asȱ sedimentaryȱ petrology,ȱ diageneticȱ processes,ȱ
deformationȱofȱrocks,ȱorȱevolutionȱofȱhydrothermalȱsystems.ȱFurthermore,ȱisȱaȱkeyȱ
techniqueȱ forȱ detailedȱ geochronologicalȱ studiesȱ sinceȱ itȱ revealsȱ theȱ zonationȱ ofȱ
zircon,ȱapatiteȱandȱotherȱmineralsȱȱ
Recentȱstudiesȱonȱhydrothermalȱquartzȱhaveȱshownȱthatȱtheȱcombinationȱofȱ
SEMȬCLȱimagesȱwithȱotherȱtechniques,ȱsuchȱasȱfluidȱinclusionȱanalysis,ȱisȱaȱusefulȱ
techniqueȱforȱcharacterizingȱoreȱformingȱeventsȱ(RuskȱandȱReedȱ2002;ȱLandtwingȱ
andȱ Pettke,ȱ 2005).ȱ Carefulȱ discriminationȱ andȱ characterizationȱ ofȱ differentȱ
generationsȱ ofȱ quartzȱ andȱ itsȱ relationshipȱ withȱ successiveȱ FIAȱ (Goldsteinȱ andȱ
Reynolds,ȱ1994)ȱallowȱtheȱreconstructionȱofȱtheȱfluidȱevolutionȱinȱaȱgivenȱsystem.ȱ
Inȱ mostȱ cases,ȱ individualȱ quartzȱ crystalsȱ containȱ fluidȱ inclusionsȱ trappedȱ atȱ
differentȱmomentsȱandȱfromȱchemicallyȱdifferentȱfluids.ȱȱ
Theȱchangesȱ inȱCLȱ responseȱ resultȱ fromȱ theȱ intrinsicȱ latticeȱdefectsȱsuchȱasȱ
translations,ȱpointȱdefects,ȱmineralȱ inclusions,ȱasȱwellȱasȱextrinsicȱdefectsȱsuchȱasȱ
incorporationsȱofȱtraceȱelementsȱ(Götzeȱetȱalȱ2001).ȱ
ȱ Inȱ thisȱ studyȱweȱ showȱ someȱ caseȱ historiesȱ ofȱ eightȱ hydrothermalȱ quartzȱ
samples,ȱ bothȱ hydrothermalȱ quartzȱ fromȱ veinsȱ andȱ magmaticȱ quartzȱ fromȱ
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magmaticȱphenocrysts.ȱTheȱimagesȱrevealȱtexturesȱofȱgrowthȱzoning,ȱquartzȬfilledȱ
microfractures,ȱ truncation,ȱ concentricȱ growthȱ andȱ splatterȱ andȱ cobwebȬlikeȱ
textures,ȱ amongȱ others.ȱ Theseȱ featuresȱ representȱ independentȱ processesȱ inȱ theȱ
complexȱhistoryȱofȱquartzȱgrowthȱinȱresponseȱtoȱfracturation,ȱdilation,ȱgrowthȱintoȱ
openȱspaceȱorȱdissolutionȱandȱrecrystallization.ȱȱ
Geologicalȱsettingȱandȱsamplingȱ
Weȱhaveȱ selectedȱ samplesȱ fromȱaȱwideȱvarietyȱofȱ environments,ȱ includingȱ
threeȱdepositsȱinȱSWȱSpainȱ(Cala,ȱSultanaȱandȱLaȱBerrona)ȱandȱtwoȱmagnetiteȱ(CuȬ
Au)ȱdepositsȱinȱNorthernȱChileȱ(SilvitaȱandȱTaltal).ȱTheȱstudiedȱsamplesȱfromȱtheȱ
OssaȱMorenaȱZoneȱ include:ȱ (1)ȱchalcopyriteȱ (Au)ȱ Ȭbearingȱquartzȱveinsȱ fromȱ theȱ
Sultanaȱdepositȱandȱ(2)ȱquartzȱfromȱmiaroliticȱcavitiesȱinȱtheȱSantaȱOlallaȱPlutonicȱ
Complexȱ (seeȱ Chapterȱ II);ȱ (3)ȱ skarnȬrelatedȱ quartzȱ andȱ (4)ȱ shearȱ zoneȬrelatedȱ
quartzȱ fromȱ theȱCalaȱmine,ȱhostedȱbyȱ theȱCalaȱstockȱ inȱ theȱSantaȱOlallaȱPlutonicȱ
Complexȱ (Velascoȱ etȱ al.,ȱ 1979;ȱCarriedo,ȱ (P.h.Dȱ inȱprogr.),ȱ (5)ȱ quartzȱ cementingȱ
magmaticȬhydrothermalȱbreccia,ȱandȱ(6)ȱveinȱquartzȱofȱtheȱLaȱBerronaȱdepositȱ(inȱ
theȱValuengoȱarea,ȱseeȱChapterȱIII).ȱTheȱsamplesȱfromȱIOCGȱdepositsȱ inȱNȱChileȱ
(CentralȱAndes)ȱ include:ȱ (7)ȱvuggyȱeuhedralȱquartzȱ coexistingȱwithȱ chalcopyriteȱ
andȱ tourmalineȱ supportingȱdioriteȱ fragmentsȱ inȱ theȱ Silvitaȱdepositȱ andȱ (8)ȱveinȱ
andȱbrecciaȱquartzȱassociatedȱ toȱ chalcopyrite,ȱpyriteȱandȱmagnetiteȱ inȱ theȱTaltalȱ
depositȱ(Tornosȱetȱal.,ȱ2010).ȱȱȱ
Methodsȱ
SEMȬCLȱ analysesȱwereȱ performedȱ atȱ theȱCICȱ (Centroȱ deȱ Instrumentaciónȱ
Científica,ȱUniversityȱofȱGranada)ȱ(Spain)ȱunderȱtheȱsupervisionȱofȱIsabelȱGuerra.ȱ
Doublyȱpolishedȱsectionsȱwereȱcoatedȱwithȱaȱfilmȱofȱcarbonȱthatȱwasȱremovedȱforȱ
theȱ furtherȱ fluidȱ inclusionȱ study.ȱTheȱ imagesȱwereȱ takenȱ inȱaȱSEMȱLeoȱ1430ȱVPȱ
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equipmentȱwithȱ theȱ followingȱ analyticalȱ conditions:ȱ 15ȱ kV,ȱ 2nAȱ eȬprobeȱ andȱ aȱ
beamȱcurrentȱofȱ80mA.ȱTheȱworkȱdistanceȱwasȱ16ȱmm.ȱȱ
TheȱgrayȱscalesȱofȱSEMȬCLȱ imagesȱhaveȱbeenȱgroupedȱ inȱaȱcolorȱscaleȱ level:ȱCLȬ
brightȱ (lightȱ toȱgray),ȱCLȬgrayȱ (gray),ȱCLȬdullȱ (grayȱ toȱdark)ȱandȱCLȬdarkȱ (darkȱ
grayȱtoȱblack).ȱ
Quartzȱtexturesȱ
Observedȱ texturesȱ areȱ groupedȱ intoȱ sixȱmainȱ categories:ȱ euhedralȱ growthȱ
zoningȱ ofȱ variousȱ intensitiesȱ andȱ parallelȱ orȱ perpendicularȱ toȱ cȬaxis,ȱ darkȬ
luminescentȱ patches,ȱ cobwebȱ andȱ splatterȱ textures,ȱ corrodedȱ grains,ȱ truncatedȱ
grains,ȱlateȱveinȱfillingsȱandȱmicroȬcracksȱcrosscuttingȱearlierȱquartz.ȱTheȱfirstȱtwoȱ
areȱrelatedȱ toȱ theȱprecipitationȱofȱquartzȱ intoȱopenȱspacesȱandȱ theȱ lastȱ fourȱonesȱ
areȱ interpretedȱ asȱ dueȱ toȱ dissolution,ȱ recrystallizationȱ andȱ fracturingȱ processesȱ
afterȱtheȱprecipitationȱofȱtheȱquartzȱcrystalȱ(RuskȱandȱReed,ȱ2002).ȱȱ
Sultanaȱmine:ȱeuhedralȱgrowingȱoverȱdeformedȱcoresȱ
ȱ ContrastingȱCLȱ showsȱ thatȱ theȱveinȱ infillingȱ inȱ theȱ Sultanaȱveinȱ includesȱ
threeȱ distinctȱ stagesȱ ofȱ quartzȱ crystallization;ȱ (1):ȱ anȱ earlyȱ generationȱ ofȱ quartzȱ
(Q1)ȱ comprisesȱ theȱ bulkȱ ofȱ theȱ veinȱ andȱ correspondsȱ toȱmilkyȱ quartzȱ inȱ handȱ
sample.ȱQ1ȱisȱbrightȬluminescentȱwithȱlocalȱeuhedralȱgrowingȱintoȱopenȱspaces.ȱItȱ
hasȱ superimposedȱ darkȬluminescentȱ patchesȱ ofȱ grayerȱ luminescenceȱ relatedȱ
quartz.ȱ Superimposedȱ onȱ thisȱ Q1ȱ thereȱ isȱ aȱ secondȱ generationȱ ofȱ quartz,ȱ
characterizedȱbyȱtheȱpresenceȱofȱclearȱandȱwellȬdefinedȱbandsȱofȱbrightȱandȱgrayȱ
luminescenceȱ(Q2).ȱTheȱconcentricȱgrowthȱofȱtheȱQ2ȱpointsȱtowardsȱtheȱcenterȱofȱ
theȱ veinȱ andȱ isȱ orientedȱ parallelȱ toȱ cȬaxisȱ ofȱ theȱ crystalsȱ (Figȱ 1A).ȱ Sulfidesȱ areȱ
alwaysȱassociatedȱtoȱtheȱlateȱQ2ȱgenerationȱofȱquartz.ȱAȱthirdȱgenerationȱofȱquartzȱ
(Q3)ȱshowsȱveryȱdarkȬluminescenceȱandȱoccursȱfillingȱ lateȱfracturesȱthatȱcrosscutȱ
bothȱ theȱ firstȱ andȱ theȱ secondȱ generationȱ ofȱ quartz.ȱMosaicsȱ ofȱ adjacentȱ imagesȱ
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wereȱusedȱasȱaȱbasisȱtoȱmapȱfluidȱinclusionȱassemblagesȱandȱtoȱestablishȱaȱdetailedȱ
correlationȱbetweenȱeachȱFIAȱandȱdifferentȱquartzȱdomainsȱ(ChapterȱII).ȱ
TheȱSantaȱOlallaȱgraniteȬhostedȱmiaroliticȱcavitiesȱ(2)ȱareȱfilledȱwithȱbrightȱtoȱ
dullȱ luminescentȱ quartzȱ showingȱ aȱ veryȱ clearȱ growthȱ zoningȱ inȱ anȱ openȱ spaceȱ
(Fig.1B).ȱInȱthisȱcase,ȱtheȱeuhedralȱzonationȱisȱperpendicularȱtoȱtheȱcȱaxisȱofȱquartz.ȱ
TheȱcombinationsȱofȱtheȱstudyȱofȱfluidȱinclusionȱassemblagesȱwithȱtheȱCLȱimagesȱ
ofȱtheȱquartzȱsuggestȱtheȱcirculationȱofȱsimilarȱfluidsȱinȱtheȱSultanaȱveinȱandȱthoseȱ
exsolvedȱfromȱtheȱhostȱSantaȱOlallaȱtonaliteȱ(seeȱChapterȱII).ȱ
Calaȱmine:ȱdissolutionȱandȱdeformationȱprocessesȱ inȱ skarnȬȱandȱ shearȱzoneȱ–
relatedȱquartzȱ(seeȱAppendixȱIb)ȱ
TheȱimagesȱofȱquartzȱwithinȱcavitiesȱinȱtheȱprogradeȱgarnetȬrichȱskarnȱinȱtheȱ
Calaȱmagnetiteȱ (±CuȬ±Au)ȱmineȱ (3)ȱ showȱaȱ firstȱgenerationȱofȱgrayȱ luminescentȱ
grainsȱ(Q1)ȱwithȱeuhedralȱgrowthsȱandȱlocalȱdissolutionȱzonesȱ(corrodedȱgrains).ȱ
Thereȱ isȱ aȱ secondȱ generationȱ ofȱ darkȱ luminescentȱ quartzȱ developedȱ alongȱ
microfracturesȱthatȱcrosscutȱQ1ȱ(Fig.1C).ȱȱ
SEMȬCLȱ imagesȱ ofȱ quartzȱ associatedȱ withȱ theȱ shearȱ zoneȬrelatedȱ
mineralizationȱ (4)ȱrevealȱcomplexȱ texturesȱwithȱmultipleȱsuperimposedȱstagesȱofȱ
precipitationȱ andȱ recrystallizationȱ (Fig.1D).ȱ Imagesȱ showȱ grainȱ truncationsȱ andȱ
splatterȱorȱcobwebȱ texturesȱ thatȱareȱaȱclearȱevidenceȱofȱ intenseȱ fracturation.ȱTheȱ
correlationȱ withȱ FIAȱ isȱ notȱ straightforwardȱ dueȱ toȱ theȱ intenseȱ deformation.ȱ
However,ȱCLȱimagesȱrevealȱsomeȱgrayȱluminescentȱ“shadowȱzones”ȱwithȱpoorlyȱ
definedȱgrowthȱzoningȱthatȱcontainȱsuitableȱFIAȱ(seeȱAppendixȱIB)ȱ
LaȱBerronaȱdeposit:ȱearlyȱzonedȱquartzȱandȱfurtherȱdeformationȱprocesses.ȱ
Inȱ theȱ Laȱ Berronaȱ depositȱ thereȱ isȱ anȱ intenseȱ hydrothermalȱ brecciationȱwhereȱ
fragmentsȱofȱalbititeȱareȱsupportedȱbyȱactinoliteȱandȱmagnetiteȱwithȱ laterȱquartzȱ
infillingȱ(5).ȱTheȱSEMȬCLȱimagesȱshowȱanȱearlyȱgrayȱtoȱdullȱluminescentȱzonedȱ(20ȱ
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toȱ 200ȱ ΐmȱ width)ȱ quartz.ȱ Thisȱ earlyȱ generationȱ isȱ clearlyȱ affectedȱ byȱ aȱ laterȱ
fracturationȱ shownȱ byȱ theȱ existenceȱ ofȱ aȱ denseȱ networkȱ ofȱ microȬcracksȱ andȱ
fracturesȱhealedȱbyȱdarkȱ luminescentȱquartzȱ (Fig.ȱ1E).ȱAȬveinsȱ (6)ȱhostedȱbyȱ theȱ
albititeȱandȱinterpretedȱasȱformedȱinȱaȱstillȱpartlyȱductileȱrockȱshowȱanȱimportantȱ
truncationȱofȱgrayȱ luminescentȱgrains,ȱ aȱ featureȱprobablyȱdueȱ toȱ theȱ absenceȱofȱ
enoughȱspaceȱforȱeuhedralȱgrowingȱ(Fig.ȱ1F).ȱ
Silvitaȱmine:ȱlateȱquartzȱgrowingȱinȱseveralȱstagesȱ
SEMȬCLȱ imagesȱfromȱtheȱSilvitaȱmineȱ(7)ȱareȱprobablyȱtheȱbestȱexamplesȱofȱ
theȱ superpositionȱofȱhydrothermalȱprocessesȱ asȱ representedȱbyȱ aȱwideȱ rangeȱofȱ
textures.ȱInȱtheȱsampleȱshownȱinȱtheȱFigureȱ1Gȱthereȱisȱanȱearlyȱconcentricȱgrowthȱ
zoneȱofȱaȱfirstȱgenerationȱofȱgrayȬȱbrightȱluminescentȱquartzȱ(Q1)ȱperpendicularȱtoȱ
theȱcȬaxisȱ (pointingȱoutȱofȱpage).ȱAfterwards,ȱ thereȱwasȱaȱprocessȱofȱdissolution,ȱ
withȱ precipitationȱ ofȱ newȱ brightȱ luminescentȱ quartz.ȱGrainȱ growingȱ continued,ȱ
andȱafterȱ severalȱzonesȱ formedȱ inȱ theȱabsenceȱofȱdeformation,ȱ someȱmicrofaultsȱ
displacedȱquartzȱbandingȱaboutȱca.ȱ200ȱΐm.ȱTheseȱfracturesȱgeneratedȱspaceȱnowȱ
filledȱ withȱ darkȱ luminescentȱ quartz.ȱ Theȱ quartzȱ continuedȱ growingȱ untilȱ theȱ
precipitationȱofȱchalcopyrite,ȱnowadaysȱreplacedȱbyȱatacamiteȱandȱcuprite.ȱ
Taltalȱdeposit:ȱHydrothermallyȬalteredȱigneousȱquartzȱtexturesȱ
Theȱ samplesȱ ofȱ theȱ Taltalȱ magnetite–(CuȬMoȬAu)ȱ depositȱ (8)ȱ haveȱ aȱ
particularȱ SEMȬCLȱ textureȱ relatedȱ withȱ theȱ hydrothermalȱ alterationȱ ofȱ theȱ
previousȱ igneousȱquartz.ȱBrightȱtoȱgrayȱ luminescentȱquartzȱshowȱcorrodedȱgrainȱ
boundariesȱandȱwasȱ followedȱbyȱ theȱprecipitationȱofȱdarkȱquartzȱ inȱ theȱ createdȱ
cavities,ȱsuggestingȱanȱ intermediateȱstageȱofȱquartzȱdissolutionȱ (Fig.ȱ1H).ȱ Inȱ fact,ȱ
theȱ oreȱ assemblageȱ precipitatedȱ synchronouslyȱwithȱ thisȱ secondȱ generationȱ ofȱ
quartz.ȱ Inȱ someȱ grains,ȱ thereȱ areȱ embayedȱ coresȱ ofȱ brightȱ luminescenceȱ quartzȱ
withȱeuhedralȱgrayȱovergrowths,ȱbeingȱcoresȱandȱrimsȱopticallyȱcontinuous.ȱThisȱ
Universidad Internacional de Andalucía, 2013 (Lectura en 2012)
AppendixIA
 
236
textureȱ couldȱ beȱ causedȱ byȱ theȱ precipitationȱ ofȱ coreȱ quartz,ȱ followedȱ byȱ theȱ
dissolutionȱandȱprecipitationȱofȱeuhedralȱquartz.ȱ
Discussionȱ
Theȱ comparativeȱ studyȱofȱ theȱquartzȱ texturesȱbyȱ SEMȬCLȱ revealsȱ complexȱ
storiesȱofȱgrowingȱandȱfracturingȱthatȱareȱnotȱvisibleȱ inȱconventionalȱtransmittedȱ
lightȱmicroscopy.ȱTheseȱtexturesȱgiveȱcluesȱthatȱareȱcriticalȱforȱtheȱunderstandingȱ
ofȱhydrothermalȱprocessesȱandȱoreȱ formation.ȱEuhedralȱgrowthȱzonesȱofȱvariousȱ
intensitiesȱ asȱ wellȱ asȱ concentricȱ bandingȱ withinȱ individualȱ grainsȱ areȱ dueȱ toȱ
growthȱofȱquartzȱinȱanȱopenȱspace.ȱTheȱoriginȱofȱCLȱinȱeuhedralȱzonesȱisȱnotȱwellȱ
knownȱ butȱ mayȱ resultȱ fromȱ cyclicȱ incorporationȱ ofȱ traceȱ elementsȱ duringȱ
precipitationȱ (Penniston,ȱ2001,ȱLandwingȱandȱPettke,ȱ2005).ȱEmbayedȱcoresȱwithȱ
euhedralȱ overgrowthsȱ andȱmosaicsȱ ofȱ grainsȱ areȱ dueȱ toȱ theȱ dissolutionȱ alongȱ
fracturesȱ andȱ grainȱ boundaries.ȱ Cobwebȱ andȱ splatters,ȱ networksȱ andȱ
microfaultingȱ texturesȱ formȱ inȱ responseȱ toȱ mechanicalȱ fracturation.ȱ Potentialȱ
causesȱforȱdissolutionȱtexturesȱofȱquartzȱinȱhydrothermalȱsystemsȱareȱfluctuationsȱ
inȱ pressure,ȱ temperatureȱ andȱ fluidȱ compositionȱ (Ruskȱ andȱ Reed,ȱ 2002).ȱ Someȱ
texturesȱcanȱbeȱrelatedȱwithȱ theȱoreȱprecipitationȱstageȱsuchȱasȱ inȱSultanaȱorȱ theȱ
Calaȱ deposits,ȱ probablyȱ developingȱ openȱ spacesȱ thatȱ wereȱ criticalȱ forȱ sulfideȱ
precipitation.ȱ Theȱ studyȱ ofȱ fluidȱ inclusionȱ assemblagesȱ inȱ theȱ differentȱ quartzȱ
domainsȱdetectedȱbyȱ theȱSEMȬCLȱdefinitelyȱhelpȱ toȱunderstandȱ theȱevolutionȱofȱ
fluidsȱwithinȱtheȱhydrothermalȱsystem.ȱ
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Figureȱ 1.ȱ SEMȬCLȱ imagesȱ ofȱ theȱ sevenȱ studiedȱ areas.ȱ Seeȱ theȱ textȱ forȱ
explanationȱ
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Conclusionsȱ
Theȱ SEMȬCLȱ techniqueȱ hasȱ beenȱ successfullyȱ appliedȱ forȱ theȱ studyȱ ofȱ
differentȱmineralizationsȱinȱtheȱOMZȱ(SWȱSpain)ȱandȱtheȱCentralȱAndesȱ(NȱChile).ȱ
Asȱweȱshowȱinȱthisȱstudy,ȱthisȱtechniqueȱisȱcriticalȱforȱtheȱthoughtfulȱpetrographicȱ
studyȱ thatȱmustȱprecedeȱ anyȱ fluidȱ inclusionȱ studyȱ inȱorderȱ toȱobtainȱ consistentȱ
andȱ realisticȱ results.ȱ Inȱ thisȱ study,ȱ SEMȬCLȱ imagesȱ showȱ numerousȱ texturesȱ ofȱ
quartzȱ relatedȱ toȱ theȱhistoryȱofȱ theȱ fluidȱ evolutionȱ inȱ fiveȱoreȱdepositsȱ thatȱwillȱ
helpȱtoȱbetterȱunderstandȱtheirȱformation.ȱ
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Appendixȱ IB:ȱ Preliminaryȱ characterizationȱ ofȱ theȱ
hydrothermalȱ fluidsȱ relatedȱ toȱ theȱmagnetiteȬcopperȱ
depositȱofȱCalaȱ(Huelva,ȱSWȱSpain)ȱ
Introductionȱ
Theȱ Calaȱ mineȱ (SWȱ Spain)ȱ hasȱ beenȱ oneȱ ofȱ theȱ mostȱ importantȱ ironȱ
producersȱofȱIberiaȱduringȱtheȱ20thȱcentury.ȱEstimatedȱcurrentȱreservesȱareȱ60ȱMtȱ@ȱ
39%ȱFeȱandȱ0.2%ȱCu,ȱbutȱtheȱdepositȱcontinuesȱopenȱatȱdepth.ȱTheȱCalaȱorebodyȱ
hasȱbeenȱconsideredȱasȱaȱ typicalȱcalcicȱskarnȱdevelopedȱonȱCambrianȱcarbonaticȱ
rocksȱ adjacentȱ toȱ anȱ intrusionȱ ofȱ monzograniteȱ (Velascoȱ andȱ Amigó,ȱ 1981).ȱ
However,ȱ recentȱ studiesȱ (Tornosȱ andȱCasquet,ȱ 2005;ȱCarriedoȱ etȱ al.,ȱ 2006,ȱ 2010)ȱ
showȱ thatȱ theȱ depositȱ hasȱ aȱ moreȱ complexȱ evolution,ȱ showingȱ someȱ featuresȱ
typicalȱofȱIOCGȬlikeȱandȱshearȬzoneȱrelatedȱdeposits.ȱDespiteȱitsȱgoodȱaccessibilityȱ
andȱ theȱ poorȱ alterationȱ ofȱ theȱ originalȱ mineralȱ assemblages,ȱ theȱ detailedȱ
characterizationȱofȱtheȱcirculatingȱfluidsȱinȱtheȱCalaȱmineȱisȱdifficultȱtoȱconstrain.ȱ
Thisȱ isȱ dueȱ toȱ theȱ multiȬstageȱ deformationȱ thatȱ hasȱ producedȱ widespreadȱ
reequilibrationȱ andȱ decrepitationȱ ofȱmostȱ ofȱ theȱ fluidȱ inclusionsȱ inȱ theȱ suitableȱ
mineralsȱ suchȱ asȱ quartz,ȱ calciteȱ orȱ garnet.ȱ Thisȱ manuscriptȱ includesȱ theȱ
informationȱ collectedȱ duringȱ aȱ preliminaryȱ studyȱ thatȱ triedȱ toȱ characterizeȱ theȱ
hydrothermalȱ fluidsȱ involvedȱ inȱ theȱ formationȱ ofȱ theȱ system,ȱ usingȱ theȱ bestȱ
preservedȱfluidȱinclusionȱassemblagesȱinȱbothȱtheȱskarnȱandȱtheȱshearȱzoneȬrelatedȱ
magnetiteȱ zones.ȱ Theȱ studyȱ suggestȱ that,ȱ asȱ theȱ papersȱ aboveȱ propose,ȱ theȱ
formationȱofȱtheȱorebodyȱisȱnotȱexclusivelyȱrelatedȱwithȱaȱclassicalȱskarn,ȱbutȱtoȱaȱ
complexȱpolyphaseȱhydrothermalȱsystem,ȱpossiblyȱ involvingȱbothȱmagmaticȱandȱ
metamorphicȱfluidsȱthatȱwereȱchannelizedȱinȱaȱpullȱapartȱstructureȱwithinȱaȱlargeȱ
transpressiveȱstructure.ȱȱ
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Geologicalȱsettingȱ
TheȱCalaȱdepositȱ isȱadjacentȱ toȱaȱ smallȱ ellipsoidalȱmonzograniteȱ stockȱ (theȱ
Calaȱ stock)ȱwhichȱ isȱpartȱofȱ theȱSantaȱOlallaȱPlutonicȱComplexȱ (Fig.1).ȱBothȱ theȱ
orebodyȱ andȱ theȱ plutonicȱ rocksȱ areȱ emplacedȱ inȱ aȱ smallȱ pullȱ apartȱ extensionalȱ
structureȱformedȱduringȱ theȱsinistralȱVariscanȱ transpressionȱ (Tornosȱetȱal.,ȱ2002).ȱ
TheȱmagmaticȬhydrothermalȱ evolutionȱ ofȱ theȱ depositȱ isȱ resumedȱ inȱ fourȱmainȱ
stagesȱbasedȱonȱCarriedoȱ(P.h.D.ȱinȱprep.):ȱ
a) Intrusionȱofȱsmallȱplugsȱofȱgranodioriteȱsynchronousȱwithȱtheȱformationȱ
ofȱaȱprogradeȱgarnetȬpyroxeneȱrichȱcalcicȱskarnȱonȱcalcȱsilicateȱhornfelsȱ
andȱlimestone,ȱlaterȱreplacedȱbyȱaȱmagnetiteȬactinoliteȱrichȱskarn.ȱ
b) DevelopmentȱofȱaȱsinistralȱductileȬbrittleȱshearȱzone,ȱwhichȱproducedȱtheȱ
replacementȱofȱtheȱpreviousȱskarnȱandȱtheȱhostȱdolomiteȱbyȱaȱzonedȱ
alterationȱincludingȱankeriteȬhematite,ȱactinoliteȬmagnetiteȱandȱquartzȬ
magnetiteȬankeriteȬactinoliteȱzones.ȱ
c) Furtherȱintrusionȱofȱa,ȱapparentlyȱbarren,ȱcoarseȱgrainedȱgranodioriteȬ
monzograniteȱ(Calaȱstock).ȱ
d) FormationȱofȱquartzȬankeriteȱCuȱ(Au)ȱrichȱveins.ȱ
e) LateȱthrustsȱwithȱoverthrustingȱofȱtheȱCalaȱstockȱonȱtheȱearlierȱ
mineralization.ȱȱ
f) Extensionalȱcollapseȱandȱaȱlateȱhydrothermalȱactivityȱwithȱformationȱofȱaȱ
quartzȬchloriteȬankeriteȱassemblage.ȱ
Fluidȱinclusionȱstudyȱ
ȱ Suitableȱ fluidȱ inclusionȱ assemblagesȱ haveȱ beenȱ foundȱ inȱ theȱ calcicȱ skarnȱ
andȱ inȱ theȱ shearȱ zoneȬrelatedȱ mineralization.ȱ Petrographicȱ relationships,ȱ
microthermometricȱdataȱandȱphaseȱproportionsȱofȱtheȱfluidȱinclusionsȱsuggestȱthatȱ
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theseȱ hydrothermalȱ rocksȱ formedȱ inȱ relationshipȱwithȱ theȱ circulationȱ ofȱ fluidsȱ
havingȱdifferentȱcompositions.ȱ
ȱ
ȱ
Figureȱ1.ȱGeologicalȱmapȱofȱtheȱCalaȱmineȱinȱHuelvaȱwithȱtheȱmainȱlithologiesȱinȱ
theȱarea.ȱModifiedȱafterȱApalateguiȱetȱal.ȱ(1987).ȱ
Fluidȱ InclusionȱAssemblagesȱ (FIA),ȱQuartzȱDomains,ȱMicrothermometricȱ andȱ
RamanȱResultsȱȱ
ȱ Noȱfluidȱinclusionsȱhaveȱbeenȱfoundȱinȱtheȱprogradeȱskarn.ȱHowever,ȱthisȱ
garnetȬrichȱskarnȱhasȱabundantȱvugsȱfilledȱwithȱquartz,ȱcalcite,ȱepidote,ȱactinoliteȱ
andȱmagnetite.ȱThisȱassemblageȱisȱinterpretedȱasȱprecipitatedȱfromȱtheȱexhaustedȱ
fluidsȱ thatȱ formedȱ theȱ progradeȱ skarnȱ butȱ atȱ lowerȱ temperatures.ȱ Quartzȱ andȱ
Universidad Internacional de Andalucía, 2013 (Lectura en 2012)
AppendixIB
 
242
epidoteȱcontainȱsmallȱtwoȬphaseȱfluidȱinclusionsȱwithȱ85Ȭ90%ȱvol.ȱliquid.ȱSEMȬCLȱ
imagesȱofȱquartzȱshowȱaȱfirstȱgenerationȱofȱgrainsȱ(Q1),ȱsometimesȱwithȱeuhedralȱ
growthsȱandȱ localȱdissolutionȱzones.ȱThereȱ isȱaȱsecondȱgenerationȱofȱquartzȱ(Q2)ȱ
alongȱ microfracturesȱ andȱ crosscuttingȱ Q1.ȱ Twoȱ typesȱ ofȱ fluidȱ inclusionȱ areȱ
distinguishedȱwithinȱQ1.ȱTypeȱI,ȱbrineȱ inclusionsȱhavingȱ8Ȭ10ȱΐmȱ inȱsize,ȱ80Ȭ85%ȱ
vol.ȱ liquid,ȱandȱcontainȱhaliteȱandȱotherȱ smallȱdaughterȱcrystalsȱ likeȱ sylviteȱandȱ
hematiteȱ (Fig.2).ȱMicrothermometryȱ revealsȱ totalȱ homogenizationȱ temperaturesȱ
betweenȱ370ºȱandȱ400ºCȱbyȱdominantȱdisappearanceȱofȱtheȱvaporȱphase.ȱSalinitiesȱ
determinedȱbyȱfinalȱmeltingȱofȱhaliteȱrangeȱbetweenȱ26ȱandȱ40ȱ%ȱNaClȱeq.ȱTheseȱ
inclusionsȱcoexistȱinȱtheȱsameȱFIAȱwithȱvaporȬrichȱinclusions.ȱTheyȱhaveȱbetweenȱ
30ȱandȱ40ȱvol.ȱ%ȱ liquid,ȱwithȱaȱ singleȱvaporȱbubble.ȱCO2ȱ isȱminorȱandȱhasȱonlyȱ
beenȱ identifiedȱbyȱ laserȬRamanȱ spectroscopy.ȱTheȱhomogenizationȱ temperaturesȱ
areȱ341ºȬ350ȱºCȱandȱsalinitiesȱhaveȱnotȱbeenȱcalculatedȱdueȱtoȱtheȱabsenceȱofȱliquidȱ
CO2.ȱHowever,ȱ inȱ aȱ fewȱ inclusions,ȱ clathrateȱ haveȱ beenȱ observedȱwithȱmeltingȱ
temperaturesȱoverȱ0ºC.ȱAȱthirdȱtypeȱofȱunambiguouslyȱsecondaryȱfluidȱ inclusionȱ
hasȱ beenȱ distinguishedȱ alongȱ theȱ Q2.ȱ Theseȱ inclusionsȱ areȱ usuallyȱ smallȱ andȱ
difficultȱtoȱmeasure.ȱ
ȱ Cathodoluminescenceȱ(CL)ȱimagesȱofȱtheȱshearȱzoneȬrelatedȱmineralizationȱ
showȱcomplexȱtexturesȱwithȱmultipleȱsuperimposedȱstagesȱofȱquartzȱprecipitationȬȱ
recrystallization.ȱReequilibrationȱhasȱmodifiedȱorȱdestroyedȱmostȱofȱtheȱinclusionsȱ
and,ȱthus,ȱisȱunlikelyȱthatȱprimaryȱfluidȱinclusionsȱcanȱbeȱfound.ȱHowever,ȱthereȱ
areȱ someȱ “shadowȱ zones”ȱ protectedȱ byȱ magnetiteȱ andȱ pyriteȱ inȱ whichȱ likelyȱ
primaryȱeuhedralȱquartzȱhasȱbeenȱpreserved.ȱTheseȱgrainsȱcontainȱsuitableȱFIAȱforȱ
microthermometricȱ studyȱ (Fig.ȱ 2).ȱ Theȱ firstȱ groupȱ includesȱ haliteȬsaturatedȱ
inclusionsȱwithȱaȱ liquidȱ (80Ȭ85%ȱvol)ȱandȱaȱvaporȱphase.ȱTheirȱsizeȱ isȱsmallȱ (1Ȭ9ȱ
ΐm),ȱ alwaysȱ havingȱ aȱ haliteȱ crystalȱ andȱ anotherȱ transparentȱ phase,ȱ probablyȱ
sylvite.ȱ Theȱ homogenizationȱ temperaturesȱ rangeȱ betweenȱ 500ȱ andȱ 580ºCȱ andȱ
estimatedȱsalinitiesȱareȱ35Ȭ40ȱwtȱ%ȱNaClȱeq.,ȱestimatedȱ fromȱ theȱ finalȱmeltingȱofȱ
haliteȱ(BodnarȱandȱVityk,ȱ1994).ȱAȱsecond,ȱmoreȱabundant,ȱgroupȱofȱinclusionsȱhasȱ
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significantȱamountsȱofȱCO2,ȱwithȱvariableȱamountsȱofȱCH4.ȱTheyȱareȱalsoȱsmallȱandȱ
usuallyȱhaveȱtheȱdoubleȱCO2ȱbubble.ȱTotalȱhomogenizationȱtemperaturesȱareȱmoreȱ
variable,ȱ rangingȱ betweenȱ 420ºȱ andȱ 500ºC.ȱAlmostȱ allȱ ofȱ themȱ decrepitateȱ overȱ
500ºC.ȱ Salinitiesȱ haveȱ beenȱ calculatedȱ byȱ clathrateȱ disappearanceȱ andȱ rangeȱ
betweenȱ4ȱandȱ19.3ȱwtȱ%ȱNaClȱeq.ȱTheȱCH4ȱphaseȱhasȱbeenȱ identifiedȱbyȱRamanȱ
spectroscopyȱandȱbyȱmicrothermometry.ȱȱ
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Figureȱ 2.ȱ Fluidȱ inclusionȱ typesȱ inȱ theȱ shearȱ zoneȱ relatedȱ (A)ȱ andȱ theȱ skarnȱ relatedȱ
mineralizationȱ(B)ȱinȱtheȱCalaȱmineȱ
Universidad Internacional de Andalucía, 2013 (Lectura en 2012)
AppendixIB
 
245
Discussionȱ
Theȱ fluidȱ inclusionȱdataȱ showȱ thatȱ theȱ superimposedȱhydrothermalȱ eventsȱ
areȱrelatedȱwithȱtheȱcirculationȱofȱfluidsȱofȱdifferentȱorigins.ȱȱ
TheȱFIAȱofȱtheȱskarnȱprobablyȱreflectȱexhaustedȱaqueousȱmagmaticȱbrines.ȱ
TheȱsmallȱCO2ȱcontentsȱcouldȱbeȱderivedȱfromȱdevolatilizationȱofȱtheȱcarbonatesȱ
duringȱmetasomatismȱ(CrawfordȱandȱHollister,ȱ1986;ȱWilkinson,ȱ1991).ȱTheȱ
polysalineȱcompositionȱisȱtypicalȱofȱtheȱprogradeȱstagesȱofȱskarns,ȱwhereȱtheȱfluidȬ
rockȱinteractionȱproducedȱfluidsȱenrichedȱinȱCaȱandȱMg.ȱ
Fluidsȱ circulatingȱ throughȱ theȱ shearȱ zoneȱwereȱ immiscibleȱ CO2ȬCH4ȱ Ȭrichȱ
aqueousȱ brines.ȱ Theȱ mostȱ likelyȱ originȱ forȱ suchȱ fluidsȱ isȱ theȱ metamorphicȱ
devolatilization/derivationȱfromȱtheȱunderlyingȱcarbonateȬpeliteȱsequenceȱofȱearlyȱ
Cambrianȱage.ȱHowever,ȱinȱtheseȱinclusions,ȱpostȬentrapmentȱandȱreȬequilibrationȱ
isȱ usualȱ withȱ commonȱ leakageȱ ofȱ fluid.ȱ Mostȱ ofȱ theȱ fluidȱ inclusionsȱ outȱ ofȱ
“shadowȱ zones”ȱ showȱ unambiguousȱ evidencesȱ ofȱ postȬtrapping,ȱ withȱ largeȱ
variationsȱinȱbothȱdensityȱandȱsalinity.ȱȱ
Conclusionsȱ
ȱTheȱmagnetiteȬ(CuȬAu)ȱmineralizationȱ ofȱ theȱCalaȱmineȱ showsȱ aȱ complexȱ
hydrothermalȱevolution,ȱinȱresponseȱtoȱseveralȱtectonicȱandȱmagmaticȱpulses.ȱThisȱ
preliminaryȱ fluidȱ inclusionȱ studyȱ confirmsȱ thatȱ someȱ ofȱ theȱ oreȱ isȱ relatedȱwithȱ
magmaticȬrelatedȱskarnȱprocesses,ȱbutȱmostȱofȱtheȱmineralizationȱisȱassociatedȱwithȱ
theȱcirculationȱofȱimmiscibleȱCO2Ȭrichȱbrinesȱofȱlikelyȱmetamorphicȱderivation.ȱ
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AppendicesȱIIȱ(tablesȱinȱtheȱexcelȱfile):ȱȱ
IIA.ȱHandȱsamplesȱ
TheȱlettersȱSU,ȱBEȱandȱCAȱandȱfollowingȱnumbersȱindicateȱtheȱnameȱofȱtheȱ
siteȱ (SU:ȱ Sultana,ȱBE:ȱLaȱBerrona)ȱ andȱ theȱnumberȱ ofȱ eachȱ sampleȱ respectively.ȱ
Samplesȱ collectedȱ byȱ JorgeȱCarriedoȱ andȱ FernandoȱTornosȱ areȱprecededȱ byȱ theȱ
letterȱJȱandȱFȱrespectively.ȱ
Allȱ theȱ collectedȱ handȱ samplesȱ haveȱ aȱ briefȱ descriptionȱ (columnȱ
Description)ȱofȱtheȱmineralogyȱandȱlithologyȱofȱtheȱrock.ȱȱ
Theȱabbreviationsȱusedȱinȱtheȱtableȱare:ȱ
ȱQtz:ȱ quartzȱ
ȱab:ȱ albiteȱ
ȱpy:ȱ pyriteȱ
ȱcpy:ȱ chalcopyriteȱ
ȱsph:ȱȱ sphaleriteȱ
ȱact:ȱȱ actinoliteȱ
ȱd.p.:ȱ doubleȱpolishedȱthickȱsectionȱ
ȱp.:ȱ polishedȱsectionȱ
ȱt.s.:ȱ normalȱthickȱsectionȱ
Otherȱ samplesȱ collectedȱ alongȱ theȱ firstȱ fieldȱ campaignsȱ inȱ depositsȱ thatȱ
haveȱfinallyȱnotȱ incorporatedȱ inȱtheȱ lastȱversionȱofȱthisȱthesisȱareȱnotȱ includedȱ inȱ
theȱtablesȱ(e.g.ȱColmenar,ȱElȱSoldado,ȱetc.).ȱȱ
ȱ
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IIB.ȱ Microthermometricȱ dataȱ ofȱ fluidȱ andȱ meltȱ inclusionȱ
assemblagesȱ
Microthermometryȱofȱfluidȱinclusionsȱ
ȱ TheȱmicrothermometricȱprocedureȱisȱexplainedȱinȱtheȱmethodȬsectionȱinȱtheȱ
thesis.ȱTheȱsalinityȱofȱfluidȱinclusionsȱwasȱexpressedȱinȱwtȬ%ȱNaClȱequivalentȱandȱ
wasȱdeterminedȱfromȱfinalȱmeltingȱofȱiceȱ(BodnarȱyȱVityk,ȱ1994),ȱfinalȱmeltingȱofȱ
clathrateȱ ȱ orȱ finalȱmeltingȱ ofȱ haliteȱ (Bodnarȱ andȱVityk,ȱ 1994)ȱdependingȱ onȱ theȱ
phasesȱpresentȱwithinȱtheȱinclusion.ȱ
ȱ Theȱ cyclingȱ techniqueȱ forȱ measuringȱ fluidȱ inclusionsȱ isȱ usedȱ inȱ smallȱ
inclusionsȱ(<8ȱΐm)ȱ inȱwhichȱtheȱphaseȱchangesȱareȱveryȱdifficultȱtoȱobserveȱorȱ inȱ
allȱinclusionsȱinȱwhichȱfinalȱmeltingȱofȱtheȱlastȱcrystalȱeitherȱofȱiceȱorȱofȱclathrateȱ
(whenȱCO2ȱ isȱpresent)ȱ cannotȱbeȱ seen.ȱ ȱTheseȱ twoȱmeasurementsȱareȱ critical,ȱasȱ
theyȱareȱusedȱforȱtheȱcalculationȱofȱtheȱsalinityȱofȱtheȱfluid.ȱTheȱtechniqueȱconsistsȱ
ofȱbracketingȱtheȱtemperatureȱafterȱseveralȱcoolingȬheatingȱrunsȱasȱitȱisȱshownȱinȱ
theȱnextȱexampleȱtakenȱfromȱGoldsteinȱandȱReynoldsȱ(1994):ȱ
1. Freezeȱtheȱinclusionȱandȱwarmȱitȱrapidlyȱtoȱaȱtemperatureȱbelowȱtheȱ
hypothesizedȱTmȱice.ȱȱ
2. Warmȱslowlyȱuntilȱtheȱbubbleȱlooksȱinȱanyȱwayȱdifferentȱthanȱitȱdidȱinȱstepȱ
1.ȱ
3. Immediatelyȱlowerȱtheȱtemperatureȱandȱwatchȱinȱtheȱbubbleȱbecameȱmoreȱ
deformedȱorȱsmallerȱthanȱbefore.ȱThen,ȱhypothesizeȱthatȱiceȱwasȱstillȱ
presentȱatȱtheȱhighestȱtemperatureȱachievedȱinȱtheȱrunȱandȱbeginȱtoȱwarmȱ
again.ȱ
4. Warmȱtheȱinclusionȱtoȱaȱhigherȱtemperatureȱ(0.1,ȱ0.5ȱorȱ1ºCȱdependingȱonȱ
theȱdesiredȱresolution)ȱthanȱthatȱreachedȱinȱstepȱ2ȱandȱthenȱreduceȱagainȱ
theȱtemperatureȱ(asȱinȱtheȱstepȱ3).ȱ
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5. Ifȱtheȱobservationȱofȱbubbleȱchangeȱdeterminedȱinȱ3ȱisȱrepeated,ȱrepeatȱstepȱ
4ȱtoȱanȱevenȱhigherȱtemperature.ȱContinueȱrepeatingȱthisȱprocedureȱuntilȱ
nextȱstepȱbehaviorȱisȱobserved.ȱ
6. Ifȱduringȱcooling,ȱtheȱbubbleȱdoesȱnotȱappearȱtoȱchangeȱbyȱshrinkageȱofȱ
deformation,ȱtheȱiceȱprobablyȱmeltedȱwithinȱtheȱtemperatureȱintervalȱjustȱ
precedingȱtheȱhighestȱtemperatureȱachievedȱinȱstepȱ4.ȱȱ
ȱ Theȱ cyclingȱ techniqueȱ canȱ alsoȱ beȱ usedȱ forȱ theȱ determinationȱ ofȱ theȱ
homogenizationȱ temperatureȱ ofȱ theȱ bubbleȱ whenȱ itȱ isȱ notȱ clearȱ whenȱ itȱ
disappeared.ȱForȱexample,ȱifȱtheȱinclusionȱisȱheatedȱfromȱ25ºȱtoȱ320ºC,ȱtheȱbubbleȱ
graduallyȱshrinksȱandȱ inȱproceedingȱ toȱ330ºCȱbecomesȱmoreȱdifficultȱ toȱperceiveȱ
soȱtheȱobserverȱconsidersȱthatȱtheȱbubbleȱhasȱdisappearedȱbecauseȱitȱcannotȱlongerȱ
beȱseen.ȱAtȱthisȱinstant,ȱtheȱobserverȱshouldȱheatȱtheȱinclusionȱtoȱaȱtemperatureȱatȱ
whichȱ theȱbubbleȱhadȱ justȱbeenȱclearlyȱvisibleȱ (320ºC).ȱ Inȱ thisȱcaseȱ theȱbubbleȱ isȱ
indeedȱ onceȱ againȱ visibleȱ atȱ 320ºC,ȱ whichȱ suggestȱ thatȱ undercoolingȱ wasȱ notȱ
requiredȱtoȱgenerateȱtheȱvaporȱbubble,ȱmeaningȱthatȱtheȱbubbleȱwasȱstillȱpresentȱ
butȱsimplyȱnotȱvisibleȱtoȱtheȱobserverȱatȱ330ȱºC.ȱTheȱinclusionȱisȱthenȱheatedȱtoȱaȱ
higherȱ temperatureȱ (325ºC)ȱ andȱ thenȱ coolȱbackȱ toȱ theȱ temperatureȱ atȱwhichȱ theȱ
observerȱ couldȱ beforeȱ clearlyȱ seeȱ theȱ bubble.ȱ ȱ Ifȱ theȱ bubbleȱ isȱ stillȱ present,ȱ theȱ
inclusionȱhadȱnotȱbeenȱhomogenizedȱatȱ325ȱºCȱsoȱcontinueȱrisingȱtheȱtemperatureȱ
(i.e.ȱ330ºC)ȱandȱheatingȱuntilȱatȱ320ºCȱtheȱbubbleȱdoesȱnotȱappear,ȱsoȱtheȱinclusionȱ
hadȱbeenȱhomogenizedȱbetweenȱ325ºȱandȱ330ºC.ȱ
Abbreviationsȱandȱsymbolsȱ
Chip:ȱ ȱ ȱ Fluidȱinclusionȱwaverȱ
Sizeȱ(microns):ȱȱ Maximumȱdimensionȱsizeȱofȱfluidȱinclusionȱ
Tmcla:ȱȱ ȱ Finalȱmeltingȱtemperatureȱofȱclathratesȱȱ
Tmice:ȱ ȱ ȱ Finalȱiceȱmeltingȱtemperatureȱ
TL+VÆȱL:ȱȱ ȱ Homogenizationȱtemperatureȱtoȱtheȱliquidȱphaseȱ
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TL+VȱÆȱV:ȱȱ ȱ Homogenizationȱtemperatureȱtoȱtheȱvaporȱphaseȱ
TmCO2:ȱȱ ȱ MeltingȱpointȱtemperatureȱofȱCO2ȱ
ThCO2:ȱ ȱ HomogenizationȱtemperatureȱofȱCO2ȱ(LÆV)ȱ
TNaCl:ȱȱ ȱ Meltingȱtemperatureȱofȱhaliteȱ
TKCl:ȱȱ ȱ Meltingȱtemperatureȱofȱsilviteȱ
NaClȱwtȬ%ȱeq.:ȱȱ Apparentȱsalinityȱ
Thtot:ȱȱ ȱ Finalȱhomogenizationȱtemperatureȱȱ
NaClȱ%ȱeq.:ȱ ȱ SalinityȱinȱNaClȱequivalentȱpercentageȱ
LAȬICPMSȱNr:ȱ NumberȱofȱtheȱLAȬICPMSȱanalysisȱforȱeachȱfluidȱinclusionȱ
LaserȱNr:ȱ ȱ NumberȱofȱtheȱLAȬICPMSȱprojectȱ
****:ȱ ȱ ȱ QualityȱofȱtheȱLAȬICPMSȱsignalȱfromȱ*ȱtoȱ****ȱ
X:ȱ ȱ ȱ IgnoredȱLAȬICPMSȱsignalȱȱ
RamanȱNr:ȱ ȱ NumberȱofȱtheȱRamanȱanalysisȱforȱeachȱfluidȱinclusionȱ
Microthermometryȱofȱmeltȱinclusionsȱ
Inȱorderȱtoȱavoidȱasȱmuchȱasȱpossibleȱtheȱdecrepitationȱandȱdiffusionȱ
processesȱinȱtheȱmicrothermometryȱrunsȱofȱsilicateȱmeltȱinclusions,ȱweȱfollowedȱ
theȱheatingȱrunȱprocedureȱusedȱbyȱStudentȱandȱBodnarȱ(2004):ȱ
ȱ
1. Heatȱtheȱsampleȱatȱ30ºC/minȱfromȱtheȱroomȱtemperatureȱtoȱ500ºCȱ
2. Heatȱtheȱsampleȱatȱaȱrateȱofȱ10ȱºC/minȱuntilȱfirstȱmeltingȱwasȱobservedȱ
3. Atȱthisȱpoint,ȱaȱheatingȱrateȱofȱ1ȱ–ȱ2ȱºC/minȱwasȱusedȱuntilȱ
homogenizationȱwasȱachievedȱasȱindicatedȱbyȱeitherȱtheȱcompleteȱ
dissolutionȱofȱtheȱlastȱvisibleȱcrystalȱorȱvaporȱbubble.ȱ
IIC.ȱLAȬICPMSȱdataȱofȱfluidȱandȱmeltȱinclusionsȱ
ȱ TheȱLAȬICPMSȱprocedureȱandȱ settingsȱ forȱbothȱ fluidȱandȱmeltȱ inclusionsȱ
areȱgivenȱinȱtheȱmethodȱsectionsȱofȱthisȱthesis.ȱAllȱtheȱsampleȱwaversȱwereȱcleanedȱ
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withȱ acetoneȱ andȱ withȱ warmȱ aquaȱ regiaȱ (3/4ȱ HClȱ concentrateȱ andȱ ¼ȱ HNO3ȱ
concentrate)ȱ inȱ orderȱ toȱ eliminateȱ theȱ surfaceȱ contamination.ȱ Inȱ addition,ȱ theȱ
samplesȱ wereȱ handȬpolishedȱ withȱ diamondȱ compoundȱ onȱ bothȱ sidesȱ ofȱ theȱ
wavers.ȱTheȱLAȬICPMSȱchamberȱwasȱalsoȱcarefullyȱcleanedȱwithȱwashingȱ liquidȱ
toȱ avoidȱ anyȱ contaminationȱ ofȱ previousȱ analysesȱ (JunȱHungȱ Seo,ȱ pers.ȱ comm.,ȱ
2010).ȱ Theȱ deconvolutionȱ ofȱ theȱ LAȬICPMSȱ signalsȱwasȱmadeȱwithȱ theȱ SILLSȱ
computerȱprogramȱ(Guillongȱetȱal.,ȱ2008;ȱETHȱZURICH).ȱForȱfluidȱinclusions,ȱNa,ȱ
K,ȱMn,ȱ Zn,ȱ Csȱ andȱ Pbȱwereȱ selectedȱ forȱ theȱ contributionȱ ofȱ theȱ hostȱmineralȱ
correction.ȱȱ
ȱ
ȱ Limitȱofȱdetectionȱ (LOD):ȱForȱ anyȱ elementȱ iȱ theȱ limitȱofȱdetectionȱ isȱ theȱ
lowestȱsignificantȱintensityȱatȱ99%ȱconfidenceȱlevel.ȱTheȱLODȱisȱdependentȱonȱtheȱ
optimizationȱofȱ theȱ instrumentȱparametersȱandȱ theȱnumberȱofȱmeasurementsȱofȱ
eachȱelementȱinȱtheȱsignalȱinterval.ȱInȱtheȱLAȬICPMSȱtablesȱincludedȱinȱthisȱthesis,ȱ
theȱupperȱLODȱisȱgivenȱasȱ<LODȱinȱfluidȱinclusionȱassemblagesȱwereȱtheȱvalueȱofȱ
theȱ correspondingȱ elementȱ wasȱ belowȱ theȱ limitȱ ofȱ detectionȱ inȱ allȱ theȱ fluidȱ
inclusions.ȱSomeȱauthorsȱ(i.e.ȱUlrichȱetȱal.,ȱ2001)ȱplotȱtheȱupperȱlimitȱofȱdetectionȱinȱ
theȱLAȬICPMSȱelementalȱconcentrationȱplotsȱbutȱtheȱrealȱmeaningȱofȱthisȱvalueȱisȱ
obscureȱasȱitȱisȱnotȱbasedȱonȱtheȱobservationȱofȱclearȱsignals.ȱInȱtheȱFiguresȱxȱandȱxȱ
ofȱtheȱChaptersȱIIȱandȱIIIȱrespectively,ȱonlyȱtheȱvaluesȱinȱwhichȱtheȱobservationȱofȱ
clearȱ andȱ distinguishableȱ signalsȱ isȱ possibleȱ areȱ shownȱ inȱ orderȱ toȱ avoidȱ
misleadingȱinȱtheȱinterpretation.ȱ
IID.ȱRamanȱspectroscopyȱanalysesȱofȱfluidȱinclusionsȱ
Theȱ molarȱ fractionsȱ ofȱ gasȱ speciesȱ presentȱ inȱ fluidȱ inclusionsȱ wereȱ
calculatedȱusingȱtheȱPlaczek´sȱpolarizabilityȱtheoryȱderivedȱformulaȱ(Burke,ȱ2001;ȱ
Dubessyȱetȱal.,ȱ1989):ȱ
ȱ
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Xaȱ=ȱ[Aaȱ/ȱ(ףaȱ£a)]ȱ/ȱϕȱ[Aiȱ/ȱ(ףiȱ£a)]ȱ
ȱ
WhereȱXa,ȱ Aaȱ andȱ ףaȱ areȱ theȱmolarȱ fraction,ȱ theȱ peakȱ areaȱ andȱ theȱRamanȱ
crossȬsectionȱ forȱ speciesȱ a;ȱ Aiȱ andȱ ףiȱ areȱ theȱ appropriateȱ valuesȱ forȱ allȱ speciesȱ
presentȱinȱanyȱgivenȱfluidȱinclusion.ȱTheȱRamanȱcrossȬsectionsȱ(ף)ȱareȱtakenȱfromȱ
theȱ Tableȱ 2ȱ inȱ Burkeȱ (2001)ȱ asȱ follows:ȱ ࢽCO2ȱ =ȱ 2.5,ȱ ࢽCH4ȱ =ȱ 7.5ȱ andȱ ࢽN2ȱ =ȱ 1.ȱ Theȱ
instrumentalȱefficiencyȱ(£a)ȱisȱtakenȱasȱunityȱinȱtheȱcomponents.ȱȱ
Specialȱcareȱwasȱtakenȱtryingȱtoȱmeasureȱfluidȱinclusionsȱthatȱwereȱfarȱfromȱ
theȱ LAȬICPMSȱ pitsȱ inȱ orderȱ toȱ avoidȱ anyȱ modificationȱ ofȱ gasȱ speciationȱ
(Lambrechtȱetȱal.,ȱ2008).ȱ
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